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ABSTRACT 
 
 Since the 18th-century scientists are studying diatoms, fascinated by their beauty and 
diversity. Their nano- and micropatterned biosilica cell walls are outstanding examples of 
biologically controlled mineral formation. Although the knowledge about diatom cell wall 
formation increased over the last 60 years, the process is still far away from being completely 
understood. Diatom cell walls exhibit highly interesting material properties, making them 
appealing to material scientists. Due to those properties, diatom cell walls are on the brink of 
becoming powerful tools in nanotechnology. However, the production of tailored silica 
structures for nanotechnology requires a much better understanding of the processes and 
components involved in cell wall morphogenesis. Recent studies set the focus on insoluble 
organic matrices as important parts of this process, suggesting that they act as templates in 
silica morphogenesis. Therefore, in this study, the occurrence of insoluble organic matrices 
and their possible silica precipitation activity was analyzed in the three diatom species T. 
pseudonana, T. oceanica and C. cryptica.  
 For all three species girdle band and valve derived insoluble organic matrices could be 
identified. The extracted insoluble organic matrices exhibited structural features present in the 
corresponding biosilica cell walls. The highest similarities were found in the valve derived 
matrices of C. cryptica. Accessibility studies showed that the biosilica associated insoluble 
organic matrices of T. pseudonana were only partially accessible, arguing for an entrapment 
of insoluble organic matrices in the silica, rather than an attachment to the surface of the cell 
wall. All examined insoluble organic matrices of the three species exhibited intrinsic silica 
precipitation activity. The most intriguing structures were formed by the insoluble organic 
matrices of C. cryptica, yielding a porous silica pattern. The addition of biosilica derived 
soluble components or long-chain polyamines promoted this process and moreover lead to the 
reconstitution of biosilica-like hierarchical silica pore patterns. The generated silica structures 
were templated by the underlying structure of the insoluble organic matrix.  
 The result presented in this thesis make this the first study reporting the in vitro 
generation of diatom biosilica-like hierarchical silica pore patterns using all natural cell wall 
components. It supports the hypothesis of microplates acting as templates for biosilica 
morphogenesis and introduces an interesting experimental setup for silica-based in vitro 
studies on the mechanism of pore formation in diatoms. 
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1. INTRODUCTION 
 
1.1. Biomineralization - basic principles and examples 
 Biomineralization is a process in which organisms combine inorganic and organic 
materials to form biocomposites. They occur in all six kingdoms of life 1–3 and assume 
various functions e.g. structural support, protection, cutting, grinding, storage, sensing 
(optical, magnetical, gravity). The tremendous evolutionary success of biominerals is believed 
to be based on two major advantages: cost reduction and mechanical variability 4. Although 
many functions listed above are also achievable by the exclusive use of organic components, 
e.g. structural support and protection by the α-chitin-based cuticula of insects, the energy 
demand is very high. It might be energetically cheaper to solely provide an organic frame 
which gets filled with inorganic material from the environment 4. The mechanical variability 
of biominerals is a result of the combination of the hard and stiff but brittle inorganic material 
and the soft and flexible but tough organic components, a synergistic effect that leads to 
properties not present in the individual materials.  
 Biominerals are either formed by biologically (i) induced or (ii) controlled 
mineralization 4. In the first case, the biominerals are formed by adventitious precipitation, 
which is triggered by the interaction of metabolic processes with the surrounding 
environment. This process can be exemplarily observed in certain green algae, e.g. 
Nannochloris 5, Chlorella 6, and Chlorococcum 7, where calcium carbonate precipitates from 
saturated calcium bicarbonate solutions by the removal of carbon dioxide during 
photosynthesis. The minerals usually form on the surface of the cells and stay attached to the 
cell wall, a process called epicellular mineralization. Although elements of the cell wall 
(e.g. lipids, proteins) can influence the mineralization process, it is not under the tight control 
of the cell, resulting in minerals with heterogeneous size, shape, structure, and composition. 
In the second case, the biomineral formation takes place in confined compartments, giving the 
organism tight chemical, spatial, and morphological control. Thus, the produced structures are 
characterized by highly reproducible properties (e.g. particle size, structure, composition, 
aggregation, texture). Dependent on the localization of the confined compartments, three 
groups of biologically controlled mineralization have been defined: (i) intercellular, 
(ii) intracellular and (iii) extracellular 4. Intercellular biomineral formation, for example, 
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occurs in corals, where the minerals are formed on the surface of each cell, filling up the 
intercellular spaces. Intracellular mineralization is found in unicellular organisms, for 
example in the process of forming cell wall building blocks in specialized vesicles in diatoms 
or coccolithophores. Extracellular biomineralization takes place mostly in multicellular 
organisms and results in structures too big for intracellular formation, e.g. bones, shells and 
teeths. In this process, specialized cells seal off a dedicated space, into which an insoluble 
organic matrix consisting of proteins (e.g. collagen) and polysaccharides (e.g. chitin) is 
secreted. They form an insoluble macromolecular framework outside of the cells, in which the 
minerals get deposited.  
 To date, more than 60 biominerals have been identified based on their inorganic 
component 8. An excellent example for the use of biominerals in nature are the teeth of the 
limpet Patella vulgata 9. These herbivorous marine snails rasp their teeth over rock surfaces to 
feed on algae, requiring high abrasion resistance of the teeth. The teeth comprise a soft protein 
matrix, reinforced with goethite nanofibers. According to AFM measurements, limpet teeth 
have a tensile strength of 3 to 6.5 GPa, and are therefore currently considered to be the 
strongest biological material 9. This mechanical performance outcompetes other biological 
materials, e.g. spider silk with a tensile strength of up to 4.5 GPa, and is equal to manmade 
carbon fibers like TorayT1000G, which is used in aerospace industry 9. The cited study on 
limpet teeth demonstrates the possible benefits achievable by the study of biominerals and 
explains the interest of material scientist in biominerals.  
 
Table 1: Overview of selected biominerals, their occurrence, location, and function (modified 
from 4,10,11). 
Group Name Formula Organisms Location / Function 
Calcium 
carbonate 
Calcite CaCO3 
Coccolithophores 
Trilobites 
Molluscs 
Birds 
Mammals 
Cell wall / Exoskeleton 
Eye lens / Optical imaging 
Shell / Exoskeleton 
Eggshells / Protection 
Inner ear / Gravity receptor 
Mg-calcite  (MgxCa1−x)CO3 
Octocorals 
Echinoderms 
Spicules / Stabilization 
Spines / Protection 
Aragonite CaCO3 
Molluscs 
Gastropods 
Fish 
Shell / Exoskeleton 
Love dart / Reproduction 
Head / Gravity receptor 
Vaterite CaCO3 Ascidians Spicules / Protection 
Amorphous  CaCO3·H2O or CaCO3 
Crustaceans 
Plants 
Crab cuticle / Stabilization 
Leaves / Calcium store 
Calcium 
phosphate 
Hydroxyapatite Ca10(PO4)6(OH)2 
Vertebrates 
Mammals 
Bone / Endoskeleton 
Teeth / Cutting, Grinding 
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Fish Scales / Protection 
Octacalcium phosphate Ca8H2(PO4)6  Vertebrates Bone and teeth precursor 
Amorphous  variable 
Gastropods 
Mammals 
Mammals 
Gizzard plates / Crushing 
Mitochondria / Ion store 
Milk / Ion store 
Sulfates 
Barite BaSO4 Chara Statoliths / Gravity receptor 
Celestite SrSO4 Acantharia Cellular / Micro-skeleton 
Sulfides Greigite Fe3S4 Bacteria Intracellular / Magnetotaxis 
Hydrated 
silica  
Amorphous Silica SiO2·nH2O 
Diatoms 
Radiolarians 
Chrysophytes 
Limpets 
Plants 
Cell wall / Exoskeleton 
Cellular / Micro-skeleton 
Cell wall scales / Protection 
Teeth / Grinding 
Leaves / Protection 
Chlorides  Atacamite Cu2Cl(OH)3 Glycera Jaws / Stabilization 
Iron oxide 
Magnetite  Fe3O4 
Bacteria 
Chitons 
Tuna 
Intracellular / Magnetotaxis 
Teeth / Grinding 
Head / Magnetic navigation 
Goethite α-FeOOH Limpets Teeth / Grinding 
Lepidocrocite γ-FeOOH Chitons Teeth / Grinding 
Ferrihydrite 5Fe2O3·9H2O 
Animals / plants 
Beaver / rat / fish 
Ferritin / Storage protein 
Tooth surface / Stabilization 
Oxalates 
Whewellite CaC2O4·H2O Plants / fungi Leaves / Calcium store 
Weddelite CaC2O4·2H2O  Plants / fungi Leaves / Calcium store 
 
 
1.2. Diatom cell walls - mesmerizing examples for biominerals 
 Further fascinating representatives of biominerals are the cell walls (frustules) of 
diatoms, which are eukaryotic unicellular algae. Their oldest fossils date back about 
185 Mya 12 while today hundreds of thousands different species populate almost every aquatic 
habitat. Apart from organic material, their cell walls consist of amorphous silica. Although 
amorphous silica is also used by other species (Table 1), the cell wall structures are a unique 
hallmark of diatoms (Figure 1). Each diatom cell wall represents a complex species-specific 
3D construct, displaying tubes, protuberances and hierarchical pore pattern ranging from the 
micro- to the nano-scale 13. The structural features have to be genetically encoded because 
they are preserved with high fidelity throughout generations 13. Diatoms can be separated into 
two major groups: pennate and centric 13. Pennate diatoms are elongate with usually a 
bilateral symmetry. Some of them exhibit slits in the valve called raphes 13, which are 
involved in gliding motility 14,15.  
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 Figure 1: SEM images of diatom cell walls (top row) and their pore patterns (bottom row). 
A, D: Thalassiosira pseudonana; B, E: Stephanopyxis turris; C, F: Coscinodiscus granii. 
Modified from 16. 
 
 Centric diatoms, on the other hand, display a radial symmetry 13 and will be the focus 
of this thesis. Diatom cell walls are believed to be multifunctional: Their high mechanical 
strength (100–700 ton/m2!) might reduce shear stress and provide protection against 
predators 17–20. Additionally, the cell wall is believed to prevent viruses from entering the 
cytoplasm 21. Using sub-micrometer sized beads it was shown that the porous structures of 
diatom frustules influence the flow direction of particles 22. Therefore, diatom cell walls might 
act as particle sorting systems, controlling the access of different particles (e.g. nutrients, 
colloids, viruses, and bacteria) to the cell membrane and its receptors 22. Furthermore, the 
silica cell walls are hypothesized to serve as pH buffer system, supporting the uptake of CO2 
from carbonic acid by extracellular carbonic anhydrase 23. The silica cell walls also play a role 
in regulating cell - light interactions. They can filter harmful UV radiation 24,25 and blue light, 
decreasing the oxidative stress in the photosystems 26,27. On the other hand, they can also act 
as focus lenses, focusing the light into a focus plane in the cytoplasm 25,28,29 which might 
explain the light-dependent migration of chloroplasts in the cells 30.  
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1.3. Diatom cell walls - interesting tools for nanotechnology 
 All the astonishing attributes described in section 1.2 make diatom cell walls 
extremely attractive for nanotechnology, as they combine properties that exceed 
state-of-the-art micro- and nanoscale fabrication techniques 31–34, like: (i) complex and 
reproducible 3D structures with large surface to volume ratios, (ii) easy and inexpensive 
availability due to exponential growth under ambient conditions, (iii) potential of tailored 3D 
structures due to genetic engineering 35–37 and (iv) high morphological variability among the 
thousand different diatom species 32,38.  
 For those reasons, diatom frustules are already widely used as cheap, regenerative 
filters for the removal of metals from wastewater 39,40, as filters for beverages 41–43 and have 
possible applications as support material for the removal of NOx and SOx gas 44. The unique 
properties of diatom biosilica and its non-cytotoxicity 45 moreover triggered an increasing 
interest as drug delivery tools in medicine 46. Over the years, methods have been developed to 
chemically functionalize the silica cell walls, allowing (i) the modification of drug binding 
and release 47,48 and (ii) immobilization of functional antibodies 49,50. In a recent study, those 
two approaches were combined: The immobilized antibodies on the cell walls specifically 
targeted tumor cells, while electrostatically adsorpt liposomes and micelles released 
chemotherapeutic drugs, resulting in tumor growth regression 51.   
 However, the biological, chemical, mechanical, thermal and electrical properties of 
silica are limited and might not suit all possible applications. Therefore, significant effort has 
been expended to alter these properties by replacing the silica with other materials, while 
preserving the complex 3D structure of the frustules.  
 Pioneering work in this field has been carried out by Sandhage and co-workers, which 
established the paradigm of Bioclastic and Shape-preserving Inorganic Conversion 
(BaSIC) 52. They succeeded in generating silica-free diatom cell wall replicates consisting of 
MgO 31, TiO2 53,54, polymers 55, ZrO2 56,57 silicon 58, BaTiO3 59, boron nitride 33, noble metals 
(Ag, Au, Pd) 60, transition metals (Cu, Ni) 61 or carbon 62. Additionally, they established 
procedures for the surface coating of silica frustules with layers of SnO2 63 or Zn2SiO4 64,65, 
and for the coating of MgO replica with BaTiO3 66. The established material conversions 
represent not only a proof of principle but also triggered various new applications. They 
demonstrated that cell wall replicas based on silicon, or cell walls coated with SnO2 or TiO2 
can be utilized as gas sensors for nitric oxide or hydrogen, while also having potential 
applications for other gases like oxygen, carbon monoxide and nitrogen dioxide 54,58,63. These 
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newly developed gas sensors showed comparable or better response times and sensitivities as 
previously available gas sensors 54,63,67–69. Furthermore, conversion of silica to silicon or 
coating with Zn2SiO4 can be used to induce photoluminescence in diatom cell walls 58,65, a 
property that is intrinsic for some diatom species 70–72. Since the photoluminescence is 
affected by the surrounding gas environment, the creation of photoluminescent gas sensors 
detecting nitrogen dioxide, methane and carbon monoxide was possible 73,74.  
 The unique 3D structure of the diatom frustule makes it in principle an excellent 
support material for enzyme-based flow-through catalysis, as the macropores enable rapid 
fluid transport while the meso- and nanopores grant the surface area for enzyme loading 75. 
Additionally, the immobilization of enzymes grants further advantages like increased enzyme 
stability against heat, organic solvents, extreme pH, mechanical stress and proteolysis, as well 
as a simplified separation of the catalyst from the product, resulting in increased enzyme 
recovery and recyclability 76–78. However, the specific surface areas and the specific mesopore 
volumes of diatom silica shells are rather modest 75. This limitation was removed by the 
above-mentioned carbon replacement, which increased the specific surface area of the cell 
walls by up to 650 fold 62, simultaneously raising its enzyme loading capabilities. Enzymes 
loaded onto such carbon replicas showed enhanced catalytic activity in flow-through 
applications, excelling enzyme loaded silica cell walls and conventional enzyme supports 75.  
 The presented examples give a small insight into the various applications of chemical 
tailored diatom cell walls, which should further increase by the use of genetic engineering. 
Future applications are manifold and may lie in the use as meso-/ nanodevices (e.g. sensors, 
optical gratings, lenses, filters, catalytic reactors, actuators, drug delivery capsules, electrodes, 
photonic crystals) in medicine, cosmetics, telecommunication, electronics, batteries, solar 
cells, computation, transportation, manufacturing and environmental applications 
31,32,58,61,62,70,79–82.  
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1.4. Synthetic silica nanoparticles and their use in nanotechnology 
As demonstrated in section 1.3, diatom cell walls are utilized for various applications in 
nanotechnology. Most of the applications rely on the hierarchical pore pattern of the cell walls 
that grant high surface to volume ratios, high specific surface areas, and rapid fluid or gas 
transport. Those beneficial properties are not restricted to diatom cell walls, but inherent to 
hierarchically build materials in general. Therefore, it is not surprising that mankind searched 
for procedures that allow the in vitro synthesis of porous materials. The first mesoporous 
silica nanoparticles (MSN) with uniform pore size were generated in the early 1990s 83,84. 
Since then, countless protocols have been established, either by modifying already existing 
ones or by the discovery of new approaches 85–90. One of the widely applied methods is the 
use of soft surfactants to generate hollow MSN (Figure 2) 84,90,91: Amphiphilic surfactants like 
cetyltrimethylammonium bromide form spherical micelles, rod-like micelles or vesicles 84,90. 
The formed structure is determined by the structure and concentration of the surfactant and 
the reaction conditions used 91. Subsequently, the silica source (e.g. hydrolyzed 
tetraethylorthosilicate TEOS) is added to the reaction. Most of these MSN formation reactions 
are performed at alkaline (pH > 10.5) conditions 90. Under these conditions, silicates are 
highly negatively charged and interact with cationic surfactant templates through electrostatic 
interactions 90. Due to the strong interaction between the cationic surfactants and the silicates, 
the surfactant - silicate composites are stable up to pH 12, preventing silicate dissolving. 
Later, the surfactant - silicate composites undergo calcination, which results in the 
condensation of the silanol groups by establishing oxygen bridges between the silicon atoms. 
Simultaneously, the templating surfactants are oxidized and thereby removed, leaving behind 
the hollow MSN 90. The established methods allow the production of silica nanoparticles with 
controllable diameters ranging from 2 nm up to 2 µm 92 and pore sizes of 2 to 50 nm 88,93. The 
pore sizes are thereby controlled by varying the pH, the composition of solvents, the 
concentration, and composition of surfactants, or by the addition of swelling agents 93,94. The 
generated nanoparticles have similar benefits as the diatom biosilica: chemical, thermal and 
mechanical stability, high surface area, low density, and easy ways of functionalization (e.g. 
with thiols, amines, polymers and others) 95–100. Due to their structure, MSN have additional 
advantages: hierarchical pore pattern, large pore volume, tunable pore diameter and narrow 
pore size distribution and diverse morphologies (rods, fibers, cage-like, nanospheres, films- 
and vesicle-like structures) 99. Therefore, they found applications in cancer therapy, gene-, 
protein- and drug delivery, bioimaging, catalysis, photovoltaic and energy storage 88,89,92–94,100.  
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Figure 2: General principle of generating hollow MSN using soft surfactants. Modified from 90.  
 
 Although silica nanoparticles are promising tools for nanotechnology, their production 
is linked to major drawbacks, e.g.: high cost and time-consumption, use of toxic chemicals 
(e.g. silanes and hydrofluoric acid) and the difficulty to remove surfactants from the final 
products 51,100. Additionally, fabrication of silica particles with well-defined properties 
remains a great challenge, as many parameters (surfactants, silicon source, additives, pH, 
stirring speed and temperature) have to be considered 99. These challenges might be resolved 
by understanding the biosilica cell wall formation in diatoms. This highly controlled process 
at ambient conditions may follow rules possibly also applicable to synthetic silica 
nanoparticle production. In addition, the combination of nanotechnology based on synthetic 
silica and diatom cell walls could result in the formation of tailored, synthetic biosilica-like 
3D structures. This would also overcome the existing limitation to diatom cell wall 
morphologies accessible from nature. To do so, however, a much deeper understanding of 
diatom cell wall formation is essential. This requires the identification and characterization of 
the involved components, as well as the exposure of the mechanism by which they interact 
with each other to generate the cell wall morphology, knowledge that is severely limited until 
today.  
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1.5. Silica cell wall morphogenesis in diatoms 
 
1.5.1. The cell cycle 
 The diatom cell wall is build up like a Petri-dish (Figure 3), where the upper half 
(epitheca) overlaps the lower half (hypotheca). The cap of each theca is called valve, while 
the side walls are formed by several girdle bands. The girdle band adjacent to the valve is 
called valvo-copula, while the girdle bands in the overlap region of the thecae are referred to 
as pleural bands. Diatoms generally reproduce vegetatively 13 (Figure 3), where they undergo 
the standard eukaryotic cell cycle of S phase, gap phase G2, M phase and gap phase G1. 
However, after cytokinesis, the newly formed daughter cells do not separate but remain 
encapsulated as protoplasts in the mother cell wall. Separation of the daughter cells requires 
the synthesis and exocytosis of two new valves, which takes place near the cleavage furrow in 
a specialized compartment, called silica deposition vesicle (SDV) 101–103. After valve 
formation, longitudinal growth of the cells is facilitated by the exocytosis of new girdle bands, 
which are generated in girdle band SDVs. The exact timing, however, is dependent on the 
diatom species and can either occur before or after daughter cell separation 104–106.  
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Figure 3: Schematic overview of centric diatoms (center) and their cell cycle. Diatom cell walls 
are shown in cross-section. The cytoplasm is depicted in grey, the plasma membrane in green and the 
cell wall parts in black. The SDV membrane is shown in yellow and the newly produced silica 
structures in red. Shortly before cytokinesis, the cells have their maximal size (1). After cytokinesis, 
the two protoplasts remain in the mother cell wall and new valve formation starts in the SDV (2). The 
valve SDVs expand and maturate (3,4), till they get exocytosed (5). The daughter cells separate (6) 
and the formation and exocytosis of girdle bands takes place (7-9) till the final cell size is reached (1). 
Modified from 107. 
 
1.5.2. Silicon uptake and storage 
 The progression of the cell cycle is dependent on the availability of silicon 108 and 
arrests if no silicon is present 105,109–111. The arrest stage is thereby dependent on the diatom 
species. T. pseudonana predominantly arrests at the G1 phase 112, Thalassiosira weissflogii in 
the G1 and G2 phase 111 and Cylindrotheca fusiformis at the G1/S phase boundary 113. The 
absence of silicon results in the synchronization of a diatom population, as the majority of 
cells are arrested at the same cell cycle stage. Therefore, synchronized cell cultures can be 
used as powerful tools for the study of metabolic changes during cell wall synthesis 112–117.  
 Diatoms have to take up the necessary silicon for cell wall formation from the 
environment. At a seawater pH of 8.0, the predominant silicon source is monosilicic acid with 
97%, while 3% are present as monosilicate 35,118. To identify the silicon uptake mechanism, 
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the disappearance of silicic acid from the medium and the uptake of isotopic tracers was 
measured 108,119–123. The studies of the silicon uptake mechanism resulted in three major 
findings: (i) the predominant form of silicon transported is monosilicic acid 123, (ii) the 
transport appears to be sensitive to protein synthesis inhibitors, suggesting a transport 
protein124, and (iii) the silicon transport is dependent on the presence of sodium, indicating a 
monosilicic acid/sodium cotransport 125. Apart from the silicon uptake, also efflux of silicic 
acid occurs 119,126, which allows the cells to regulate their intracellular silicic acid level 121. 
The first silicic acid transporter (SIT) was identified in C. fusiformis 127. Since then, multiple 
isoforms of SITs have been identified in all major diatom lineages 128,129. Silicic acid 
transporters are α-helical membrane proteins 130 that act as Na+/silicic acid symporter with a 
1:1 protein : substrate stoichiometry 125,130,131. Their activity can be regulated 132, allowing the 
cells to adjust to the silicic acid requirements of the cell cycle, e.g. an increased activity 
during cell wall formation 112,124.  
 Comparison of 26 SITs from 8 different species lead to the identification of a 
conserved GXQ motif, which was arranged in repeats of four at a conserved position 129. A 
more recent study on 97 SITs sequences from 45 Thalassiosira species confirmed the 
presence of the GXQ motif 133. Mutagenesis of the GXQ motif lead to a reduced silicic acid 
transport activity, emphasizing the significance of this motif for silicic acid transport 131. It 
was proposed that the glutamines coordinate the silicic acid via hydrogen bonding, followed 
by a conformational change and the release of silicic acid into the cytoplasm 129,131. However, 
SITs are only required for silicic acid transport at extracellular silicon concentrations of less 
than 30 µM. At higher concentrations, the diffusion rate of silicic acid through the membranes 
is sufficient 35,134 and the SITs act as sensors and signal the cells to proceed with cell wall 
formation and division 135. While the current world average concentration of silicon is 
estimated to be 70 µM in the oceans, 100 µM in freshwater lakes and 150 µM in rivers 
108,136,137, extracellular concentrations of more than 30 µM are rare, as diatoms populating the 
surface areas deplete the silicon concentration to 1 to 10 µM 108,136.  
 Although the solubility of silicic acid at neutral pH is around 2 mM 118, diatoms are 
able to upheld intracellular pools of soluble silicic acid up to concentrations of several 
hundred mM 108,138. Polymerized silica can only be found in the SDV, while nuclear magnetic 
resonance spectroscopy (NMR) measurements suggested that the predominant internal form 
of silicon is monosilicic acid 139. It is hypothesized that organic components act as 
complexing agents and stabilize silicic acid via electrostatic interactions or hydrogen bonds, 
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thereby preventing its polycondensation at high concentrations 119,138,139. Electron 
spectroscopic mapping of the silicon distribution in T. pseudonana cytoplasm indicated that 
silicic acid was not stored in vesicles or other cellular locations, suggesting that silicic acid 
remains distributed throughout the whole cytoplasm 140, till it enters the SDV.  
 
1.5.3.  Cell wall formation in the silica deposition vesicle 
 All silica formation processes observed so far in diatoms took place in membrane-
bound SDVs 101–103,141,142, making them the key component of cell wall formation. Despite its 
importance, little is known about the composition of the SDV lumen or its membrane, called 
silicalemma, as the isolation of the SDV has not been achieved yet. It is assumed that the 
intralumenal pH of the SDV is acidic as acidotropic molecules accumulate in the SDV 143–145.  
 
1.5.3.1. Influence of the cytoskeleton on cell wall morphogenesis 
 During the initial silica deposition, the SDV has a flattened and circular structure 101. 
Subsequently, the cytoskeleton was found to interact with the SDV 101,104,146–148. Microtubules 
appear to be involved in the spatial positioning of the SDV during division 147. They attach to 
the leading edge of the SDV adjacent to the polymerization front, suggesting that they enable 
the extension of the SDV by pulling it to its final size 147,148. They are furthermore 
hypothesized to strengthen the SDV by establishing its tension 147. Actin filaments form a ring 
around the edge of the SDV and expand in accord with the expansion of the SDV 146–148. They 
are hypothesized to mold the silicalemma into defined shapes within which silica is 
precipitated, thereby directly influencing the silica structural patterning 147,148. Although it is 
established that the silicalemma and the cytoskeleton play a significant role in silica structure 
formation, it is not known how they interact with each other. One model proposed that 
anchoring proteins of the cytoskeleton interact with transmembrane proteins of the 
silicalemma, thereby organizing unknown silica polymerization determinants 149. This model 
would explain how an external cytoskeleton patterning could be translated to internal silica 
patterns and structures.  
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1.5.3.2. Developmental stages of the valve   
 The developmental stages of valves and girdle bands can be traced by electron 
microscopy. Such studies were carried out on various diatom species, including valves from 
synchronized cell cultures of two organisms relevant for this thesis, namely T. pseudonana 150 
and C. cryptica 146. Although the structural differences in these species lead to differences in 
the structure formation process, the studies helped to establish a general chronology of valve 
formation. From previous studies in centric diatoms it was already known that silica 
deposition starts at a central position and expands in the x- and y- plane 101. The studies in 
T. pseudonana and C. cryptica showed that this expansion continues, till a thin base layer 
corresponding to the outline of the valve is formed 146,150. The expansion is generated by 
branching silica ribs growing from the center to the rim of the valve. Subsequently, the space 
between neighboring silica branches gets filled by pore fields. Complete silicification of these 
areas is thereby prevented by unknown components, giving rise to the characteristic pore 
pattern and allowing the establishment of fultoportulae, tube-like structures in the center and 
rim of the valve used for chitin extrusion 151,152. The initial stage of the peripheral 
fultoportulae was identified as a horseshoe-shaped silica structure 146. This silica structure 
circularized and eventually became completely closed 146. After the expansion of the base 
layer in x/y direction terminated, growth in z-direction started 146,150.  
 
1.5.3.3. Soluble and insoluble organic components involved in 
silica formation 
 Electron microscopy imaging of intermediate and final cell wall structures helps to 
establish a sequence of morphological events resulting in the formation of diatom silica 
structures. However, to understand how diatom silica structures are established on the 
nanoscale the identification and characterization of the involved molecular components as 
well as their interaction partners at the different time points of morphogenesis is required.  
Four classes of diatom cell wall-associated organic components have been described: (i) cell 
surface-associated mucilage 153, (ii) an organic casing surrounding silica structures 103, (iii) the 
diatotepum located between the plasmalemma and the silica 154, and (iv) organic molecules 
trapped within the silica 101. The diatotepum was only observed after valve exocytosis, 
suggesting that it is not involved in silica formation, but added afterward 155,156. The 
diatotepum was proposed to hold the cell wall parts together and to regulate the porosity of 
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the cell 154. This demonstrates that not all organic components associated with the biosilica 
necessarily play a role in its formation. Some of those organic components can be removed by 
boiling the biosilica with SDS/EDTA. The remaining biosilica associated organic material 
includes tightly associated or entrapped components, which have an increased likelihood of 
being relevant for biosilica morphogenesis. Dissolution of the silica with HF 157 or NH4F 158, 
allowed the identification of two types of organics:  (i) soluble organic components and 
(ii) insoluble organic matrices.   
 
1.5.3.3.1. Soluble organic components and their influence on 
biosilica formation 
 Two different classes of soluble organics have been identified: (i) proteins and 
peptides, e.g. silaffins 157,159 and silacidins 160, and (ii) long-chain polyamines (LCPA) 161–163. 
The first silaffins were extracted from C. fusiformis in 1999 and were named silaffin-1A1 and 
-1A2 (collectively termed cfSil1A), silaffin-1B (cfSil1B), and silaffin-2 (cfSil2) 157. The 
sequences of cfSil1A and cfSil1B are enriched in highly modified serine and lysine residues: 
the serines are phosphorylated while the lysines are alkylated, phosphorylated or have chains 
of 6-11 repeats of N-methyl-propylamine attached to them 157,158. In contrast to the cationic 
net charge of cfSil1A and cfSil1B, the net charge of cfSil2 is anionic 164. CfSil2 is 
glycosylated and sulfated, highly phosphorylated on serine, threonine and hydroxyproline 
residues, and carries the same lysine modifications as the silaffin-1 peptides 164.   
 Five additional silaffins have been isolated from the diatom T. pseudonana, consisting 
of the heavy and light forms of silaffin 1 and 2 (tpSil1H, -1L, -2H, -2L) and 
silaffin 3 (tpSil3) 159. The silaffins tpSil1L and tpSil2L and the silaffins tpSil1H and tpSil2H 
are highly homolog proteins, wherefore only mixtures of these proteins (tpSil1/2L and 
tpSil1/2H) could be isolated 159. TpSil3 and tpSil1/2L are rich in lysine and serine, while 
tpSil1/2H additionally contained a proline-rich region 159. Similar to the cfSil2, the silaffins of 
T. pseudonana also displayed an anionic net charge 159,164. Their post-translational 
modifications include methylations, phosphorylations, hydroxylations, glycosylations, 
sulfations, and attachment of propylamine units 159,165.  
 Apart from silaffins, three peptides have been isolated from T. pseudonana biosilica 
that are highly homolog to each other, namely silacidin A, B and C 160. They mainly consist of 
phosphorylated serine residues, aspartic acid, and glutamic acid, making them highly 
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acidic 160. A recent study suggests that silacidins play a role in the regulation of the 
T. pseudonana valve diameter, which increased by reducing the intracellular abundance of 
silacidins through gene knock-down 166. 
 LCPAs consist of linear oligo-propyleneimine chains, attached to putrescine, 
propylenediamine or spermidine residues 162,163,167–169. They are therefore essentially identical 
to the N-methylated propylamine modifications found in the silaffins 157,165. Solid-state NMR 
spectroscopy demonstrated that LCPAs are embedded in the silica 170. Functional in vitro 
studies revealed that LCPAs are capable of silica formation in the presence of phosphate or 
other polyvalent anions, e.g. citrate, sulfate, diphosphate, dodecyl sulfate micelles or 
DNA 107,161,162, resulting in silica spheres of 100 nm to 1 µm 162. The size of the LCPAs and 
the phosphate concentration had a direct influence on the size of the precipitated silica spheres 
161,171. In the absence of multivalent anions, no precipitates were formed 161,162. Therefore, it 
was proposed that electrostatic and hydrogen-bonding interactions between LCPAs and 
multivalent anions allow self-aggregation of the polyamines, in which the size of the formed 
aggregates is directly dependent on the anion concentration 161,162,172. The aggregation leads to 
a microscopic phase separation, whereat the polyamine-polyanion microdroplets promote 
polycondensation of silicic acid to silica 161,173,174.   
 The formation of spherical silica particles could also be observed with the 
C. fusiformis cfSil1A and cfSil1B 157. The silica precipitation activity was dependent on the 
presence of the posttranslational modifications (phosphorylation 158 and oligo-propylamine 
chains 157), suggesting that the zwitterionic character of cfSil1A and cfSil1B allowed their 
self-aggregation, leading to a similar silica precipitation mechanism as described for the 
polyamine-polyanion microdroplets 107,158. The size of the silica particles varied from under 
50 to 700 nm depending on the used silaffin combinations 157.  
 CfSil2 and the silaffins and silacidins from T. pseudonana lack inherent silica 
precipitation activity 159,160,164. However, they are capable of forming supramolecular 
assemblies with LCPAs via electrostatic interactions that display silica formation 
activity 159,160,164. The silacidins-LCPA system and the tpSil1/2L-LCPA system formed 
spherical silica particles in a concentration-dependent manner, where the amount of silica and 
the diameter of silica spheres increased with increasing peptide concentration, probably due to 
the formation of bigger assemblies 159,160. Interestingly, in addition to spherical silica particles, 
more complex silica structures were formed by aggregates of LCPAs with cfSil2, tpSil1/2H or 
tpSil3, e.g. porous silica sheets and plates of densely packed silica 159,172. Depending on the  
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applied concentration, these silaffins either exhibited stimulatory or inhibitory effects, while 
also controlling the formed silica structures. Therefore, they were classified as regulatory 
silaffins 159,172.   
 
1.5.3.3.2. Insoluble organic matrices and their influence on 
biosilica formation 
 Already in 1966, Reimann et al. identified the first insoluble organic matrices in 
Navicula pelliculosa and referred to it as an “organic skin”, surrounding the whole silica 
shell 103. The function of this skin remained unclear. It was assumed that it serves as a 
protective layer against silica dissolution. In 1973 Hecky et al. suggested that cell wall 
proteins serve as templates for silicic acid mineralization 175. In 2009 an insoluble 
network-like scaffold was isolated from NH4F treated T. pseudonana biosilica 176. It 
resembled the size and shape of the biosilica and consisted of cross-linked fibers, with 
diameters ranging from 5 to 50 nm. Treatment with 2.5 M NaOH followed by NMR 
spectroscopy demonstrated that the insoluble material consisted of chitin (poly-N-acetyl-d-
glucosamine), indicating the presence of internal chitin in the biosilica. It was speculated that 
these chitin meshworks mechanically stabilize the cell walls or that they act as a scaffold for 
silaffin/LCPA mediated silica deposition 176.  
 In 2011 a chitin independent, protein-based insoluble organic matrix, termed 
microring, was isolated from NH4F treated T. pseudonana biosilica 177. Biosilica-associated 
microrings were largely protected from proteolytic degradation, suggesting that they were 
entrapped in the biosilica, rather than on its surface. Each microring was derived from the 
girdle bands of an entire epi- or hypotheca and consisted of parallel filaments which were 
merged at specific positions. In between microring filaments, an organic layer was located. 
The parallel filaments resembled the pattern of the non-porous girdle band biosilica areas, 
while the organic layer resembled the porous areas (Figure 4). SEM and AFM measurements 
of microrings after incubation with silicic acid revealed that they exhibit silica deposition 
activity. The addition of a synthetic long-chain polyamine drastically accelerated this process. 
The formed silica was non-porous and the amount of deposited silica was higher on the 
filaments than on the organic layer 177. Biosilica-like porous silica structures were not 
observed, suggesting that the required components were missing in the assay.  
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Figure 4: SEM analysis of a microring (A) and the biosilica (B) of T. pseudonana. The holes in the 
background are the pores in the underlying filter membrane. The white dotted lines in B depict the 
pore-free rims of the girdle band. V: Valve, Gb: Girdle band. Modified from 177.  
 
 In 2013 additional insoluble organic matrices were identified in the diatom species 
Stephanopyxis turris, Coscinodiscus radiatus, Amphora salina, Nitzshia curvilineata, 
Navicula cryptocephala and Triceratium dubium 178. A strong interaction between the 
insoluble organic matrices and the silica was demonstrated by the following observations: 
(i) the organic matrices remained associated with the silica even after SDS boiling; (ii) the 
insoluble organic matrices consistently correlated with the biosilica regarding their features 
and patterning and (iii) some of the organic matrices displayed nodules corresponding to 
nanoscale pores in the silica. The silica might have polymerized around these nodules, 
resulting in the formation of pores 178. After the removal of external organic material with 
hydrochloric acid, no insoluble organic matrices could be isolated anymore 178. Therefore, it 
was proposed that the insoluble organic matrices of the examined diatom species were located 
on the proximal surface of the silica, rather than embedded in it. Thus, it was hypothesized 
that they correspond to the diatotepum described by Von Stosch 154, for which they might 
have similar functions: e.g. holding different parts of the frustules together, acting as a barrier 
between the plasma membrane and the environment and/or controlling the permeability to the 
external medium 178. However, hydrated silica has a high conductivity for protons, making it 
very likely that the biosilica-embedded organic material got degraded during acid treatment. 
Therefore, the validity of the conclusion regarding the location of insoluble organic material 
in regard to the biosilica is rather low.   
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1.5.4. Models describing diatom silica morphogenesis 
 Over the years different models have been introduced to explain silica cell wall 
formation in diatoms. Each individual model presented here mainly tackles certain aspects of 
silica cell wall formation. Therefore, the models do not necessarily exclude each other but 
should be seen as a combined effort to generate an overall picture of biosilica morphogenesis.   
 One of the first models describing embryonic valve formation was developed by 
Gordon and Drum in 1994 179. By applying computer simulations they were able to generate 
patterns resembling the expanding costae found during early valve formation (Figure 5).  
 
Figure 5: DLA simulation of costae-like silica growth in centric diatoms starting from a circular 
nucleation center. Taken from 179.  
 
 Their model is based on diffusion limited aggregation (DLA) of silica particles, a 
process in which particles undergo a random walk due to Brownian motion, leading to 
clusters and eventually to the aggregation of these particles 180. The prerequisite of DLA is 
diffusion as the primary mean of particle transport. Gordon and Drum proposed the following: 
during valve morphogenesis in centric diatoms a circular, uniform nucleation structure is 
present in the center of the SDV. The SDV is filled with diffusing colloidal silica particles, 
which preferentially absorb to this nucleation center, rather than to the surface of the 
silicalemma or to each other. The irreversible precipitation of silica particles at the nucleation 
front locally reduces the concentration of freely diffusing silica particles, thereby establishing 
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a concentration gradient of silica particles that increases in the direction of the silicalemma 
(Figure 6). Due to the random Brownian motion of the silica particles, small fluctuations on 
the amount of precipitated silica should occur along the nucleation site, for which some of the 
generated branches reach further out into the diffusion gradient than others. These branches 
have a higher access to diffusing silica particle, increasing their growth rate and leading to the 
costae formation (Figure 5). Each growing costae directly alters the concentration gradient in 
the SDV by depleting the surrounding area of freely diffusing silica particles. Therefore, an 
inhibitory zone is created around each costae, whose width is dependent on the diffusion rate 
of the silica particles. The inhibitory zones prevent neighboring costae to grow to close to 
each other, generating the regular spacing of the costae. Although only a few branches 
succeed in competing for the diffusion limited silica particles and continue to grow, at least 
one branch will always fill out any free space. After precipitation, silica particles might 
undergo a period of surface re-localization (sintering) which leads to a smoothing of the 
surface. Differences in the cell wall structures of different species might be generated by 
unknown substances that affect the kinetic parameters of silica deposition in the SDV.  
 
 
Figure 6: Schematic drawing of the initial precipitation of silica in the SDV of centric diatoms. 
Depicted is the silicalemma enclosing freely diffusing silica particles. The concentration of silica 
particles diminishes in the direction of the central nucleating structure due to irreversible silica 
precipitation. Adopted from 179. 
   
 The Gordon-Drum model of DLA based structure formation was developed further by 
Parkinson et al. 181, as they added the influence of environmental effects present in the SDV 
to their simulations. The newly introduced parameters included surface mobility and surface 
tension of silica particles (sintering effect), and the temperature, which influenced the 
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thickening and smoothing of the formed silica branches. However, the generated branches did 
not show the same degree of regularity as the primary costae found in valve biosilica. 
Therefore, it was assumed that diatoms possess a control mechanism for localizing the release 
of new siliceous material into the SDV. It was hypothesized that such a control could be 
provided by microtubule guiding the transport of silica transport vesicles to discrete siliceous 
material release positions at the SDV. After the addition of 24 equally spaced specific sites of 
particle release to the simulation, regularly branched costae-like morphologies could be 
generated. The simulations by Parkinson et al. suggested that the species-specific chemical 
environment within the SDV (pH, salinity, temperature, particle concentration and presence 
of surfactants) might be responsible for the determination of the species-specific features in 
diatoms. It furthermore suggested that each costae is associated with a distinct site of release 
for siliceous material. The species-specific amount of primary costae might be directly linked 
to the number of deposition sites.  
 The isolation and characterization of soluble, silica-forming, biosilica-associated 
biomolecules resulted in the generation of new models describing cell wall formation. In the 
following sections, the phase separation model 168 and the silaffin matrix hypothesis 182 will 
be introduced. 
 The phase separation model by Sumper describes a mechanism that might be 
responsible for the complex pattern formation in valves 168. The data leading to this model 
were gathered by studying three Coscinodiscus species (C. granii, C. wailesii and C. 
asteromphalus). The model combines observations obtained by SEM and the finding that the 
three Coscinodiscus species possess LCPAs that exhibited species-specific chain-length 
distributions, whereas silaffin-like peptides were absent. Sumper postulated that LCPAs do 
not only promote silica precipitation 157,162,183 but that they were also involved in pattern 
formation. It was hypothesized that LCPAs and the silicic acid-containing aqueous phase in 
the SDV undergo repeated phase separations, resulting in the generation of smaller and 
smaller self-similar silica patterns that finally form a hierarchical pore pattern: During the first 
step of pattern formation, organic droplets containing LCPAs might be hexagonally arranged 
in a monolayer in the flat SDV, as such an arrangement allows the highest packing order. At 
the contact sides of the LCPA droplets and the silicic acid-containing aqueous phase silica 
precipitation is promoted, resulting in a honeycomb-like silica pattern (Figure 7, A). Silica 
deposition at the superior and inferior part of the LCPA droplets might be prevented by the 
SDV membrane that excludes the aqueous phase. As some of the LCPAs coprecipitate during 
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silica deposition 157,162, the overall LCPA concentration in the droplets decreases. This might 
lead to the dispersion of the LCPA droplets, resulting in the segregation of additional smaller 
droplets. This process may additionally be supported by the interaction of the newly formed 
negatively charged silica with the surface of the positively charged LCPA droplets 162, 
favoring surface expansion of the droplets. The segregation of the LCPA droplets to smaller 
units leads to the generation of a new LCPA/silicic acid interphase (Figure 7, B) that anew 
promotes silica deposition and further decreases the LCPA concentration due to 
coprecipitation. Following the mechanism described above, the LCPA droplets segregate into 
smaller LCPA droplets, creating new interphases for silica deposition (Figure 7, C). At the 
last stage, the existing LCPA droplets break up into 50 nm sized, hexagonally packed 
droplets, allowing the final silica deposition to take place (Figure 7, D). The silica deposition 
fully consumes the LCPAs by coprecipitation and thus terminates silica deposition and pattern 
formation.  
 
 
Figure 7: Schematic drawing of the phase separation model describing the generation of pore 
patterns (A-D) and SEM images of the corresponding developmental stages of C. wailesii (E-H). 
A: Hexagonally arranged LCPA droplets (grey) lead to the formation of honeycomb-like silica 
structures (white). B - D: Consecutive fragmentation of the LCPA droplets to smaller units results in 
the deposition of new silica structures, till all the LCPAs are completely coprecipitated and the silica 
precipitation stops. Taken from 168. 
 
 The valves of the Coscinodiscus species display highly symmetrical pattern, which 
might reflect the relatively simple composition of the LCPAs and the absence of regulatory 
silaffins. For more complex compositions a combination of LCPAs and regulatory silaffins 
might be required. The possible influence of such regulatory silaffins is described in the 
silaffin matrix hypothesis 182: As many diatom species contain both silaffins and LCPAs it 
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was hypothesized that the highly negatively charged silaffins are required for the LCPA 
mediated silica formation inside the SDV. Based on the in vitro precipitation experiments 
described in section 1.5.3.3.1, it was hypothesized that in vivo generated silica nanostructure 
might be determined by regulatory silaffins, rather than the LCPAs. Different silaffins would 
then result in different silica morphologies, explaining the species-specific silica structures in 
the cell walls. It was postulated that the LCPAs and the silaffins form a silaffin matrix within 
the SDV lumen, which accelerates silica deposition and acts as a template for pattern 
formation (Figure 8) 182.  
 
 
Figure 8: Schematic drawing of the silaffin matrix hypothesis. LCPAs and silaffins interact with 
each other in the SDV, generating a self-assembled, nanopatterned organic matrix (silaffin matrix). 
The structure of the organic matrix is controlled by the silaffins. The silaffin matrix might act as a 
template for pattern formation by accelerating silica deposition in LCPA-rich/silaffin poor regions 
while inhibiting silica precipitation in LCPA-poor/silaffin rich areas. Taken from 107. 
 
 With the identification of silica precipitating microrings in T. pseudonana (see section 
1.5.3.3.2) the role of insoluble organic matrices in cell wall morphogenesis moved into 
focus 177. It was proposed that the microring fibers act as templates for the formation of non-
porous silica patterns in vivo, while the organic layers promote the self-assembly of 
supramolecular aggregates of soluble biomolecules (silaffins, silacidins, LCPA), which then 
generate porous silica patterns (see phase separation model and silaffin matrix hypothesis). 
This hypothesis was further strengthened by the identification of a valve and girdle band 
associated insoluble organic matrix in C. wailesii that also exhibited silica forming activity 
in vitro 177. The identification of insoluble organic matrices in further diatom species (see 
section 1.5.3.3.2) 178 suggests that templating of biosilica structures by insoluble organic 
matrices might be a conserved mechanism in diatoms.   
 
 23 
2. AIM OF THIS WORK 
 
 Many different soluble and insoluble organic components have been isolated from 
diatom biosilica, giving rise to several models trying to explain cell wall morphogenesis. 
However, the function of the organic components during biosilica formation is still poorly 
understood. With the recent discovery of silica-depositing insoluble organic matrices a new 
model came into focus, postulating that insoluble organic matrices act as templates for silica 
formation and as platforms for the assembly of soluble organic components. This hypothesis 
might describe a basic model for biosilica morphogenesis conserved in diatoms. Therefore, in 
this study comparative examination in the three diatom species T. pseudonana, T. oceanica 
and C. cryptica regarding the presence of insoluble organic matrices was conducted. Special 
emphasis was thereby laid on characterizing their silica deposition activities. Additionally, the 
interaction of insoluble organic matrices with soluble organic components was studied 
in vitro. Although previous studies reported the precipitation of silica by incubating biosilica 
associated organic materials with silicic acid, the generated structures only loosely resembled 
biosilica-like patterns. A possible explanation could be that the insoluble organic matrices and 
soluble organic components have been used separately in these experiments. Therefore, in this 
study it was investigated whether it is possible to reconstitute biosilica-like pattern 
(e.g. hierarchical pore structures) in vitro by the combined use of biosilica extracted insoluble 
organic matrices and soluble organic components.  
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3. MATERIAL AND METHODS 
 
MilliQ-purified H2O (resistivity: 18.2 MΩ cm) was used throughout this study.  
 
3.1. Material 
Table 2: Equipment and consumables used for this thesis. 
Application Material Supplier 
AFM 
Nanowizard IV JPK Instruments 
BL-AC40-TS biolever mini Olympus 
Dialysis 
Spectra/Por dialysis tubing (MWCO 500 – 1000 D) Spectrum 
Spectra/Por dialysis tubing (MWCO 6 – 8 kD) Spectrum 
Filtration 
0.22 µm Nylon filter membrane Merck 
0.2 µm Nylon 500 mL bottle-top vacuum filter Corning 
0.22 µm PES sterile rotilabo-syringe filter Carl Roth 
Fluorescent microscopy Eclipse Ti N-STORM Nikon 
Gel filtration 
chromatography 
Dionex ICS-5000+ SP Thermo scientific 
Dionex UltiMate 3000 RS VWD Thermo scientific 
Dionex UltiMate 3000 AFC Thermo scientific 
Dionex ICS-5000+ TC Thermo scientific 
Dionex AS-AP Thermo scientific 
Superose 12 10/300 GL GE Healthcare 
Superdex peptide 10/300 GL GE Healthcare 
PD MidiTrap G-25  GE Healthcare 
Lyophilization Alpha 2-4 LD plus Christ 
Other 
Thermomixer comfort Eppendorf 
Synergy H1 hybrid reader BioTek Instruments 
96 well microplate Greiner bio-one 
Phosphate assay Glass test tubes Duran Group 
Sample Concentration 
Amicon ultra-0.5 centrifugal filter unit  
(MWCO 10 kDa) 
Merck 
Amicon ultra-15 centrifugal filter unit  
(MWCO 3 kDa) 
Merck 
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Amicon ultra-0.5 centrifugal filter unit  
(MWCO 3 kDa) 
Merck 
SEM 
Leica EM CPD300 Leica Microsystems 
12 mm Carbon pads Science services 
0.5″ Aluminium specimen stubs Agar scientific 
0.1 µm PC Whatman nuclepore  
track-etched membrane 
Merck 
0.2 µm PC Whatman nuclepore  
track-etched membrane 
Merck 
Swinnex filter holder Merck 
JSM-7500F field emission SEM Jeol 
SCD 050 sputter coater Bal-Tec 
Supra 40VP SEM Zeiss 
SEM-EDS Quantax XFlash 6/100 Bruker 
Sonication 
Sonopuls HD 3200 Bandelin 
Sonopuls MS72 Bandelin 
TEM 
Gilder TEM finder grids - gold EMS 
Morgagni 268D FEI 
 
3.2. Chemicals and Enzymes 
Table 3: Chemicals and enzymes used for this thesis. 
Chemicals and Enzymes Supplier 
4-Amino-3-hydroxy-1-naphthalenesulfonic acid VWR 
Acetic acid VWR 
Acetone Carl Roth 
Acrylamide Merck 
AlexaFluor647 conjugated goat anti-rabbit IgG  Thermo scientific 
Ammonium acetate Merck 
Ammonium fluoride (NH4F) Merck 
Ammonium formate (NH4HCO2) Sigma-Aldrich 
Ammonium molybdate tetrahydrate ((NH4)6Mo7O24 · 4H2O)  Merck 
Ammonium persulfate ((NH4)2S2O8, APS) Bio-Rad 
Anti - full-length GFP polyclonal rabbit antibody, 
product number 632592 
Clontech 
Ascorbic acid Sigma-Aldrich 
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β-mercaptoethanol Merck 
Biotin Calbiochem 
Boric acid (H3BO3) Merck 
BSA (Albumin fraction V) Merck 
Calcium chloride (CaCl2) Merck 
Catalase Calbiochem 
Chitinase (Streptomyces griseus) Sigma-Aldrich 
Citric acid  VWR 
Cobalt(II) chloride hexahydrate (CoCl2·6H2O) Merck 
Coomassie Thermo scientific 
Cy5 Mono NHS Ester GE Healthcare 
Cysteamine hydrochloride Sigma-Aldrich 
Dipotassium phosphate (K2HPO4) Merck 
Ethanol Merck 
Ethylenediamine triacetic acid (EDTA) Merck 
GFP tagged chitin binding protein 184 
Glucose Sigma-Aldrich 
Glutaraldehyde (25%) Sigma-Aldrich 
Glycerol (85%) Merck 
Hydrogen chloride 37% (HCl) Merck 
Iron(III) chloride hexahydrate (FeCl3·6H2O) VWR 
JPK biocompatible glue JPK Instruments 
Magnesium chloride hexahydrate (MgCl2·6H2O)  VWR 
Magnesium nitrate (Mg(NO3)2) VWR 
Malachite green Sigma-Aldrich 
Manganese(II) chloride tetrahydrate (MnCl2·4H2O) VWR 
N,N,N′,N′-Tetramethylethane-1,2-diamine (TEMED) Bio-Rad 
N,N′-Methylenebis(acrylamide) Sigma-Aldrich 
Na2EDTA·2H2O Merck 
Na2-Glycerophosphate·H2O Sigma-Aldrich 
Oligopropyleneimine dendrimer DAB-Am-16  Sigma-Aldrich 
Pierce 660 nm protein assay reagent Thermo scientific 
Poly-L-Lysine Sigma-Aldrich 
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Potassium bromide (KBr) VWR 
Potassium chloride (KCl) VWR 
Potassium dihydrogen phosphate (KH2PO4) Merck 
Pronase (Streptomyces griseus) Roche 
Proteinase K (Tritirachium album) Sigma-Aldrich 
Pyranose oxidase Sigma-Aldrich 
Roti-ImmunoBlock Carl Roth 
Sodium acetate Roth 
Sodium azide (NaN3) VWR 
Sodium bicarbonate (NaHCO3) Carl Roth 
Sodium bisulfate monohydrate (NaHSO4 · H2O) Sigma-Aldrich 
Sodium chloride (NaCl) VWR 
Sodium dodecyl sulfate (SDS) Merck 
Sodium fluoride (NaF) VWR 
Sodium hydrogen phosphate (Na2HPO4) Carl Roth 
Sodium hydroxide (NaOH) Carl Roth 
Sodium metabisulfite (Na2S2O5) Sigma-Aldrich 
Sodium molybdate dehydrate (Na2MoO4·2H2O) Merck 
Sodium nitrate (NaNO3) VWR 
Sodium selenite (Na2SeO3) Sigma-Aldrich 
Sodium silicate (Na2SiO3) Sigma-Aldrich 
Sodium sulfate (Na2SO4) VWR 
Sodium sulfite (Na2So3) VWR 
Stains all Sigma-Aldrich 
Strontium Chloride Hexahydrate (SrCl2·6H2O) VWR 
Tetramethyl- orthosilicate (TMOS) Sigma-Aldrich 
Thiamine·HCl Merck 
Tricin (C6H13NO5) Carl Roth 
Tris (C4H11NO3) Sigma-Aldrich 
Tween-20  Merck  
Vitamin B12 VWR 
Zinc chloride (ZnCl2) VWR 
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3.3. Methods 
 
3.3.1. Culture conditions 
 Thalassiosira pseudonana strain CCMP1335, Thalassiosira oceanica strain 
CCMP1005, and Cyclotella cryptica strain CCMP332 were grown in an enriched artificial 
seawater medium according to the Canadian Centre for the Culture of Microorganisms at 
18°C under constant light at 2,000–5,000 lux. T. pseudonana and T. oceanic cultures were 
harvested after 12 days, while C. cryptica cultures were harvested after 26 days. 
 
Table 4: Artificial seawater medium composition. 
Buffer/ Solution Composition 
Artificial seawater medium 
20.8 g NaCl 
+ 9.6 MgCl2·6H2O 
+ 3.5 Na2SO4 
 > filled up to 900 mL with H2O 
+ 9 mL 1M CaCl2 
+ 2.66 mL 3M KCl  
+ 1 mL Enrichment stocks 1 – 5 
+ 100 µL Enrichment stock 6   
 > adjusted to pH 8.0 – 8.2 with 1 M HCl 
 > filled up 1 L with H2O 
 > autoclaved 
 > after it cooled down to room temperature, 1 mL of Supplement I, II 
and III were added 
Supplement I 
100 g NaHCO3 in 1 L H2O 
 > 6 g of Na2-Glycerophosphate·H2O were added to 900 mL of the 
NaHCO3 solution 
 > filled up to 1L with H2O 
 > sterile filtration (0.22 µm) 
Supplement II 
200 mg Thiamine·HCl 
+ 4 mg Vitamin B12 
+ 2 mg Biotin 
 > filled up to 1L with H2O 
 > sterile filtration (0.22 µm)  
Supplement III 
Solution A:  
3.72 g Na2EDTA·2H2O 
+ 1.76 g FeCl3·6H2O 
 > filled up to 450 mL with H2O 
 > adjusted to pH 6 with 1M NaOH 
Solution B:  
3.0 g NaF 
+ 85.0 KBr 
 > filled up to 450 mL with H2O 
 > solution A and B were combined 
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 > filled up to 1L with H2O 
 > sterile filtration (0.22 µm) 
Enrichment stocks:  
1 47.0 g NaNO3 in 1L H2O 
2 21.0 g SrCl2·6H2O in 1L H2O 
3 22.3 g Na2SiO3·5H2O in 1L H2O 
4 
1.86 g Na2EDTA·2H2O  
+ 32.7 mg ZnCl2 
+ 20.2 mg CoCl2·6H2O 
+ 126 mg Na2MoO4·2H2O  
+ 475 MnCl2·4H2O 
 > dissolved in 800 mL H2O 
 > adjusted to pH 6 with 1M NaOH 
 > filled up to 1L with H2O 
5 25.0 g H3BO3 in 1L H2O 
6 1.73 g Na2SeO3·5H2O in 100 mL H2O 
 
 
3.3.2. Isolation of biosilica 
 The isolation of the biosilica from T. pseudonana, T. oceanica, and C. cryptica was 
performed following published protocols 159. The cell cultures were harvested by 
centrifugation with 3,200 xg for 7 min. Each 1 mL of pelleted cells was resuspended in 6 mL 
of lysis buffer (100 mM EDTA, pH 8.0 containing 2% SDS) and incubated under constant 
shaking for 1 h at 60°C. Subsequently, the biosilica and nonlysed cells were pelleted by 
centrifugation for 7 min at 3,200 xg. The supernatant was discarded and the pellet was washed 
with 10 mM EDTA pH 8.0 until the supernatant appeared colorless. The procedure of lysis 
and washing was conducted a second time. Afterward, the isolated biosilica was washed 
repeatedly with acetone, followed by centrifugation (3200 xg, 7 min) until the supernatant 
appeared colorless, followed by water washes until the acetone smell disappeared. The 
isolated biosilica was stored at 4°C in H2O containing 0.05% NaN3.   
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3.3.3. Isolation and quantification of C. cryptica AFSC 
 Dissolution of the C. cryptica biosilica was performed by ammonium fluoride 
extraction as described previously for other diatom species 159. The isolated biosilica was 
incubated with 10 M NH4F (adjusted to pH 4.5 with 6 M HCl) for 1 h at room 
temperature (RT). After centrifugation (30 min, 3200 xg) the supernatant was dialyzed against 
100 mM NH4Acetate (MWCO 6-8 kDa) and concentrated using an Amicon ultra-15 
centrifugal filter unit (MWCO 3 kDa). The concentrated solution contained the ammonium 
fluoride soluble components (AFSC). The relative protein amounts in the AFSC were 
quantified using a phosphate assay 185: 2, 5 or 10 µL of a sample were dried in a glass vial at 
95°C. The residue was solved in 25 µL magnesium nitrate solution and dried at 95°C. The 
glass vial was heated with a Bunsen burner until the evolution of brown nitrogen oxide gas 
stopped and a white precipitate formed. After the vial cooled down to RT, the white residue 
was overlaid with 500 µL 1.2 M HCl and incubated for 20 min at RT under repetitive 
vortexing. Subsequently, 300 µL of each sample and of the KH2PO4 based phosphate standard 
were transferred to reaction tubes and combined with 100 µL phosphate reagent. After 10 min 
of incubation at RT, 200 µL were transferred in a 96 well plate and the absorption was 
measured at 660 nm.  
 
 Table 5: Chemicals and solutions used for the phosphate quantification assay. 
Buffer/ Solution Composition 
Magnesium nitrate solution 10% MgNO3 · 6 H2O in EtOH 
Molybdate solution 10% (NH4)6Mo7O24 · 4 H2O in 4 M HCl 
Malachite green solution 0.2% Malachite green in H2O 
Phosphate reagent 
supernatant of a 1 : 3 mixture of molybdate and malachite 
green solution 
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3.3.4. Preparation and quantification of LCPA and LCPA-free AFSC 
proteins 
 To isolate LCPAs and prepare LCPA-free AFSC proteins, the AFSC were separated 
using a protocol modified from 160. The lyophilized AFSC were resuspended in 2 M NaCl, 
centrifuged (4°C, 30 min, 3200 xg), filtered through a polyethersulfone syringe filter (pore 
size 0.2 μm) and subjected to gel filtration chromatography on a Superose 12 10/300 GL 
column equilibrated with 200 mM ammonium formate (flow rate: 0.4 mL/min, 
400 µL sample loaded). Mixtures of AFSC proteins and LCPAs eluted between 17.5-43.5 min 
(fraction F1), and pure LCPAs eluted between 44.5-48.5 min (fraction F2).  
 Fraction F1 was freeze-dried, redissolved in 100 mM NH4Acetate supplemented with 
2 M NaCl, and incubated for 2 h at 0°C to disassociate the protein-LCPA aggregates. The 
solution was then filtered through a polyethersulfone membrane (pore size 0.2 μm) and 
subjected to gel filtration chromatography on a Superdex peptide 10/300 GL column 
equilibrated with 2 M NaCl in 100 mM NH4Acetate (flow rate: 0.4 mL/min, 500 µL sample 
loaded). LCPA-free AFSC proteins eluted between 17.5-28.5 min (fraction F3), and pure 
LCPAs eluted between 28.5-48.5 min (fraction F4).  
 Fractions F3 and F4 were desalted and concentrated using Amicon ultra-0.5 mL 
membranes (MWCO 3 kDa) and a buffer consisting of 100 mM NH4Acetate. The desalted 
fraction F3 constituted the LCPA-free C. cryptica AFSC proteins. The desalted fraction F4 
was combined with the LCPAs from fraction F2 constituting the C. cryptica LCPAs. Analysis 
by 16% Tris/Tricine SDS-PAGE followed by Coomassie staining and 6% Tris/Tricine SDS-
PAGE followed by “Stains All” staining confirmed the purity of the LCPAs and the AFSC 
proteins (Figure 32), respectively. The proteins of the AFSC were quantified via their 
phosphate content using the phosphate assay described in section 3.3.3. The concentration of 
the LCPAs was determined using the Pierce 660 nm protein assay with the synthetic 
oligopropyleneimine dendrimer DAB-Am-16 as a standard. By comparing the intensities of 
LCPA bands in Coomassie-stained SDS PAGE analysis of AFSCs and isolated LCPAs 
(Figure 32) it was determined that 100 µM AFSC (phosphate concentration) contained 
approximately 1.6 µM LCPA.  
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3.3.5. Preparation of biosilica and AFIM for electron microscopy 
 For scanning electron microscopy (SEM) the isolated biosilica was dehydrated in a 
graded ethanol series of 20%, 40%, 60%, 80% and 100% for 5 min each. The dehydrated cell 
walls were critical point dried using the Leica CPD 300 instrument. The dried biosilica was 
mounted on carbon pads immobilized on aluminum stubs and sputter coated with platinum 
using a Baltec SCD 050 instrument and argon as the process gas (40 mA, 40 seconds). The 
dried biosilica was imaged using SEM. 
 To detach girdle bands from valves, the biosilica was suspended in 1 mL H2O in a 
1.5 mL tube and sonicated using a MS72 sonotrode tip. The amount of energy required to 
detach the girdle bands from the valve varied between the three diatom strains and also 
between different batches of biosilica from the same strain. Therefore, the required amount of 
energy had to be determined for every new biosilica batch. The applied energy ranged from 
0.12 kJ to 0.48 kJ over 5 to 20 sec. For SEM, a drop of sonicated biosilica was spotted on a 
platinum-coated polycarbonate membrane (0.2 µm pore size) mounted in a Swinnex filter 
holder. After the H2O was removed by vacuum suction, the polycarbonate membrane was first 
mounted on carbon pads immobilized on aluminum stubs and then air dried. For TEM, 10 µL 
of the sonicated biosilica were spotted on Formvar-coated gold grids strengthened with 
evaporated carbon. After 30 min of incubation at RT, the H2O was removed by blotting with a 
piece of filter paper and the sample was air dried.  
 To prepare ammonium fluoride insoluble organic matrices (AFIM) for SEM and TEM 
imaging, the biosilica was absorbed as described above. The water was exchanged with 
10 M NH4F (adjusted to pH 4.5 with 6 M HCl) and the samples were incubated for 1h at RT. 
The SEM samples were washed three times with 300 µL H2O by vacuum suction, whereas the 
TEM samples were incubated four times for 3 min with 60 µL H2O. The surface-adsorbed 
AFIM was kept hydrated for remineralization experiments (see section 3.3.7) or was air dried 
for imaging. 
 Secondary electron microscopy images were taken using a JSM 7500F field emission 
scanning electron microscope at an acceleration voltage of 5 kV for biosilica and 1 kV gentle 
beam for AFIM and remineralized AFIM. Transmission electron microscopy images were 
taken using a Morgagni 268D instrument at an acceleration voltage of 80 kV.  
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3.3.6. SDS extraction of C. cryptica AFIM 
 Isolated C. cryptica biosilica was incubated with 10 M NH4F (adjusted to pH 4.5 with 
6 M HCl) for 1 h, and subsequently, the AFIM was pelleted by centrifugation (7 min at 
3200 xg) and the supernatant (AFSC) was collected. The AFIM was washed with H2O by 
three resuspension-centrifugation cycles and then extracted for 1 h with 2% SDS at 95°C. The 
SDS extract was collected by centrifugation (7 min at 3200 xg). The AFSC and the SDS 
extract were dialyzed twice overnight against 100 mM ammonium acetate (MWCO of 
500 Da) and subsequently lyophilized. The lyophilized material was dissolved in 100 mM 
ammonium acetate and analyzed by SDS-PAGE. To detect LCPAs, the extracts were 
subjected to 16% Tris/Tricine SDS-PAGE followed by Coomassie staining. To prevent 
LCPAs from diffusing out of the SDS-PAG, the SDS-PAG was fixed with 5% glutaraldehyde 
for 1 h prior to staining. To detect proteins, the extracts were subjected to 6% Tris/Tricine 
SDS-PAGE followed by Stains-All staining. 
 
3.3.7. Remineralization of AFIM 
 For remineralization experiments, silicic acid was prepared freshly by hydrolysis of 
TMOS (1M TMOS in 1 mM HCl, 15 min constant shaking at RT). Immediately prior to use, 
the silicic acid solution was diluted to a final concentration of 100 mM by adding to sodium 
acetate (final concentration 200 mM, pH 5.5). Where necessary, AFSC (final phosphate 
concentration: 64 µM), AFSC proteins (final phosphate concentration: 56 µM), or LCPAs 
(final concentration: 1 µM) or a mixture of AFSC proteins and LCPAs were added to the 
silicic acid solution immediately prior to use. Hydrated, surface-adsorbed AFIM (see 
section 3.3.5) was then incubated with the silicic acid-containing solutions for 5 min at RT. 
After extensive H2O washing (see section 3.3.5), the samples were air-dried at RT.   
 
3.3.8. Electron dispersive x-ray spectroscopy (EDS)  
 Samples previously prepared for SEM were imaged with a Supra 40VP scanning 
electron microscope equipped with a Quantax XFlash 6/100 detector, at an acceleration 
voltage of 6 kV. Samples loaded on TEM grids had to be immobilized on carbon adhesive 
tabs mounted on specimen stubs, prior to imaging. The data obtained were analyzed with the 
Esprit 2.0 software.  
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3.3.9. Atomic force microscopy 
 TEM grids with surface-adsorbed AFIM or remineralized AFIM were immobilized in 
a Petri dish using JPK biocompatible glue and overlaid with H2O. The AFM measurements 
were carried out on a Nanowizard IV utilizing the QITM measurement mode with a trigger 
force of 250pN. Biolever Mini were used as cantilevers for the measurements, calibration of 
the probes was done by the contact-free method.  
 
3.3.10. Localisation of chitin in C. cryptica AFIM 
 AFIM immobilized on TEM grids was incubated for 1 h with 1mg/mL chitinase in 
PBS (50 mM phosphate buffer, pH 7.4, 150 mM NaCl) or in PBS as a negative control. After 
four 3 min washes with PBS, the samples were incubated for 1 h with 1% BSA in PBS, 
followed by 1 h incubation with 80 ng/µL of a GFP-tagged chitin binding protein 184 in a PBS 
solution containing 1% BSA. After four 3 min washes with PBS, the samples were imaged 
using epi-illumination with a 488 nm laser at 10 mW and respective filter sets (laser 
bandpass: 475/35, dichroic longpass: H 488 LPXR and emission bandpass: 525/45). The 
fluorescence intensities were adjusted to prevent saturation of the detector. GFP and bright 
field z-stage images-series were subsequently acquired with the NIS-Elements software using 
an EMCCD camera (Ixon Ultra 897) mounted on an inverted fluorescence microscope 
(NSTORM) equipped with a 100x oil objective (CFI TIRF Apochromat, NA 1.49, 
WD 0.12 mm) and an autofocus system at an exposure time of 100 ms and 4 frames per µm. 
Using the software NIS-Elements, the taken frames were combined to maximum projections 
displaying the highest value of each pixel in all frames of the z-stacks. 
 
3.3.11. Quantification of silica formation activity in solution 
 In a final reaction volume of 75 µL, 100 mM sodium acetate pH 5.5 and the desired 
amount (see Table 6) of AFSC, AFSC proteins, LCPA or a mixture of AFSC proteins and 
LCPA were incubated with a final concentration of 100 mM silicic acid (freshly prepared by 
hydrolysis of TMOS in 1 mM HCl for 15 min). After 5 min at RT, silica was pelleted by 
centrifugation at 16,000 xg for 5 min, washed three times with H2O, and dissolved for 1h at 
95°C using 100 µL 2M NaOH. 50 µL of each sample were transferred in a reaction tube and 
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subsequently mixed with 400 µL 100% acetic acid, 160 µL sulfate mix and 80 µL molybdate 
solution 118. The following steps were carried out in the dark. After 10 min of incubation at 
60°C, the solution was incubated for 5 min at RT. Subsequently, 400 µL citrate solution were 
added and the mixture was incubated for 20 min at RT. The addition of 40 µL freshly 
prepared reduction solution was followed by 20 min incubation at RT. The absorption was 
measured at 800 nm and compared to a Si standard.    
 
Table 6: Final concentrations of AFSC, AFSC protein, LCPA and the control (AFSC protein + 
LCPA [constant]) used in the silica formation activity assay. 
 Final concentration [µM] 
Sample AFSC 
AFSC 
protein 
LCPA 
Control 
AFSC 
protein 
LCPA 
[constant] 
1 42.7 37.3 0.67 37.3 
1.75 
2 106.7 93.3 1.75 93.3 
3 213.3 186.7 3.50 186.7 
4 426.7 373.3 7.00 373.3 
 
Table 7: Chemicals and solutions used in the silica formation activity assay. 
Buffer/ Solution Composition 
Sulfate mix 
8.73 g NaHSO4 · H2O 
+ 5.23 g Na2SO4 
filled up to 50 mL with H2O 
Molybdate solution 
5 g (NH4)6Mo7O24 · 4 H2O 
filled up to 50 mL with H2O 
Citrate solution 
21 g Citric acid  
+ 20 mL 1M HCl 
filled up to 50 mL with H2O 
Red mix 
0.1 g 4-Amino-3-hydroxy-1-naphthalenesulfonic acid 
+1.2 g Na2So3 · 7 H2O 
+ 6 g Na2S2O5 
filled up to 50 mL with H2O 
Reduction solution 
0.2 g Ascorbic acid 
+ 10 mL Red mix 
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3.3.12. Amino acid analysis of the AFIM 
 Biosilica was demineralized with 10 M NH4F (adjusted to pH 4.5 with 6 M HCl) for 
1 h at RT. The AFIM was pelleted by centrifugation for 7 min at 3200 xg, and the pellet was 
washed with H2O by four resuspension-centrifugation cycles. The AFIM was incubated for 
22 h at 37°C with 1mg/mL pronase in H2O. Subsequently, the pronase solution was replaced 
with 1mg/mL proteinase K in PBS (50 mM phosphate buffer, pH 7.4, 150 mM NaCl) and 
incubation for an additional 22 h at 37 °C. As a control, the same amount of AFIM was 
incubated for 44 h in PBS at 37°C. After four washes with H2O, the samples were lyophilized 
and weighed. An amino acid analysis of the samples was performed by the Functional 
Genomics Center Zurich.   
 
3.3.13. Accessibility experiments using immunofluorescence 
microscopy 
 To isolate AFIM, biosilica of T. pseudonana mutants expressing GFP tagged proteins 
(Cingulin W2, Cingulin Y2 or Silicanin-1 186,187) was incubated with 10 M NH4F (adjusted to 
pH 4.5 with 6M HCl) for 1 h at RT followed by two washing steps with H2O through 
centrifugation (10 min, 10,000 xg) and resuspension. The AFIM or fragmented biosilica of 
the GFP tagged mutants were resuspended separately in blocking solution 
(Roti-ImmunoBlock), 0.05% Tween-20 and immobilized on poly-L- lysine-coated coverslips 
by incubation for 1 h at RT. Unbound material was removed from the coverslips by washing 
with blocking solution. The coverslips were overlaid with an anti-GFP (full length) polyclonal 
rabbit antibody (15 µg/mL) in blocking solution for 1 h. After washing for four times 5 min in 
TBS (50 mM Tris∙HCl pH 7.5, 150 mM NaCl) containing 0.05% Tween-20, the coverslips 
were overlaid with AlexaFluor647 conjugated goat anti-rabbit IgG antibodies (2 µg/mL) in 
blocking buffer for 1 h. The coverslips were washed as described above, followed by two 
5 min washing steps with TBS. GFP and AlexaFluor647 bearing samples were visualized 
using epi-illumination with a 488 nm laser and a 647 nm laser at 10 mW and respective filter 
sets (laser bandpass (475/35, 628/40), dichroic longpass (H 488 LPXR, H 643 LPXR) and 
emission bandpass (525/45, 700/75). The recorded fluorescence intensities were adjusted to 
prevent saturation of the detector. GFP and AlexaFluor647 z-stage images-series were 
subsequently acquired with the fluorescence microscope described in section 3.3.10 at an 
exposure time of 300 ms (GFP) 50 ms (AlexaFluor647) and 4 frames per µm.  For the defined 
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regions of interest, maximum projections displaying the highest value of each pixel in all 
frames of the z-stacks were created using the software NIS-Elements. Alexa647 fluorescence 
intensity values were normalized by dividing through the corresponding GFP fluorescence 
intensity values from the same region of interest, giving the fluorescence intensity ratios 
(FIR). The degree of accessibility of organic microrings in the biosilica was calculated by 
dividing the FIR from biosilica by the FIR from microrings.  
 
3.3.14. Super-resolution microscopy of Cy5 labeled AFSC bound to 
AFIM 
 0.5 mg of C. cryptica AFSC were resuspended in 100 µL of solution I (Table 8) and 
mixed with 1 µL of Cy5-NHS. After 1h of incubation at RT in the dark, 11 µL of a 1 M Tris 
solution were added, and the mixture was incubated for 30 min at RT in the dark. The AFSCs 
were separated from excessive Cy5-NHS by following the gravity protocol of a PD MidiTrap 
G-25 gel filtration column. The Cy5 labeled AFSC were eluted using 1.5 mL PBS (50 mM 
phosphate buffer, pH 7.2, 150 mM NaCl). The sample was concentrated using an Amicon 
ultra-0.5 centrifugal filter unit (MWCO 10kDa), resulting in a final AFSC - Cy5 concentration 
of 2.8 µg/µL. SDS PAGE revealed that the AFSC proteins were successfully labeled with 
Cy5. Labeling of LCPA with Cy5 was not controlled.  
 To test the binding of AFSC - Cy5 to AFIM, C. cryptica biosilica was suspended in 
PBS and absorbed for 30 min on TEM grids. After 30 min of blocking with PBS 
supplemented with 1% BSA, the solution was exchanged with 10 M NH4F (adjusted to 
pH 4.5 with 6M HCl), followed by 45 min of incubation. After four 2 min PBS wash steps, 
the samples were incubated for 5 min in the dark with 1.4 µg of AFSC - Cy5 in 50 µL of 
200 mM sodium acetate pH 5.5. Subsequently, the TEM grids were washed four times for 
5 min with 200 mM sodium acetate pH 5.5, incubated for 5 min with imaging buffer and 
imaged using the microscope described in section 3.3.10. Afterward, the samples were 
washed two times with H2O, air dried and analyzed using TEM. Images acquired via super-
resolution microscopy were processed using the program Fiji.  
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Table 8: Chemicals and solutions used for Cy5-NHS labeling of C. cryptica AFSC. 
Buffer/ Solution Composition 
Solution I 1 : 20 mixture of solution II and solution III 
Solution II 
0.84 g NaHCO3 
 > filled up to 50 mL H2O  
 > adjusted to pH 9.0 with 2M NaOH 
Solution III 
8g NaCl 
+0.2 g KCl 
+1.44 g Na2HPO4 · 2 H2O 
+0.24 g KH2PO4 
 > filled up to 1000 mL with H2O 
Imaging buffer 
100 mM Cysteamine hydrochloride 
+1% Glucose 
+5 mg/mL Pyranose oxidase 
+1 kU/mL Catalase 
in PBS pH 7.4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 39 
4. RESULTS 
 
4.1. Identification of a valve derived insoluble organic matrix in 
T. pseudonana 
 The model introduced by Scheffel et al. proposed that insoluble organic matrices play 
an important role in cell wall morphogenesis 177. Therefore, it was surprising that in 
T. pseudonana only a girdle band derived insoluble organic matrix was found, while a valve 
derived insoluble organic matrix was missing. Upon careful SEM inspection of the insoluble 
matrix material of T. pseudonana, occasionally objects could be identified that were 
structurally different from the microrings and the previously found chitin meshworks 176 
(Figure 9, B). The occurrence of these objects could be increased by sonication based 
separation of valve and girdle band biosilica. Electron dispersive X-ray spectroscopy (EDS) 
confirmed complete desilicification, leaving only organic material behind (Figure 9, C, D). 
The identified objects were confined by a ring-shaped filament and therefore named 
microplates. Inside that ring, 9-15 regularly spaced dots were arranged in close proximity to 
the filament. Sometimes an additional dot and irregularly scattered material were located in 
the center of the objects (Figure 9, B). It is evident that the discovered objects are the so far 
missing insoluble organic matrices derived from the valve biosilica, as the diameter of the 
filament ring of 5.9 ±0.5 µm (n = 34) and the arrangement of the dots matches the diameter of 
the valve biosilica with 5.4 ±0.7 µm (n = 24) and the distribution of the fultoportulae    
(Figure 9, A). For simplification, the regularly spaced dots found in the microplates are from 
now on referred to as fultoportulae dots.   
 
   
 
40 
 
Figure 9: Electron microscopy and elemental analysis of T. pseudonana valve biosilica (A, C) and 
biosilica-derived organic matrices (B, D). A: The yellow arrowheads in the transmission electron 
micrograph indicate the position of the fultoportulae and the yellow arrows point to the position of two 
central fultoportulae. B: Scanning electron microscopy image of a plate-like structure isolated from 
biosilica via NH4F treatment (note: the ~100 nm sized holes scattered throughout the images are the 
pores of the carrier membrane). The white arrowheads in B indicate regularly spaced dark spots that 
are arranged in a circular fashion close to the rim of the plate, and the white arrow points to the dark 
spot near the center of the plate. C and D: EDS spectra of T. pseudonana biosilica adsorbed on a 
membrane (C) and of the material retained on the membrane surface after NH4F treatment (D). The 
inlaid SEM images show the area chosen for the EDS scan. Scale bars: 1 µm. 
 
 
4.2. Accessibility studies of T. pseudonana insoluble organic matrices  
 Although it is consent that insoluble organic matrices are in close proximity to 
biosilica in vivo, it is still disputed on whether they are attached to the surface of the biosilica 
or entrapped inside it 176–178. The answer to that question is fundamental, as it helps to 
elucidate their function: organic matrices on the surface of the biosilica are more likely to be 
added after biosilica morphogenesis, in contrast to entrapped insoluble organic matrices. To 
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clarify the localization of microplates and microrings in T. pseudonana, their accessibility in 
the biosilica was investigated. Therefore, mutant cell lines containing GFP-tagged proteins 
that were localized in the microrings (Cingulin-Y2 and Cingulin-W2 186) or in the microrings 
and the microplates (Silicanin-1 187) were generated by Alexander Kotzsch. The biosilica of 
these cell lines was incubated with primary antibodies targeting GFP or Silicanin-1, followed 
by an Alexa647 labeled secondary antibody (Figure 10). For each individual object analyzed, 
the fluorescence intensity ratios (FIR) of Alexa647 to GFP were calculated, thereby 
normalizing the immunofluorescence labeling to the amount of antigen present. In the control 
experiment, the described protocol was executed on isolated AFIM, determining the maximal 
possible antibody accessibility.  
 
 
Figure 10: Immunofluorescence based accessibility measurements of isolated and biosilica 
associated insoluble organic matrices of T. pseudonana. The GFP tagged insoluble organic matrix 
proteins Cingulin-Y2, Cingulin-W2 and Silicanin-1 were bound by an anti-GFP (top for rows) or anti-
Silicanin 1 (bottom tow row) primary antibody and an Alexa647 labeled secondary antibody. The 
fluorescence intensities of individual objects (dotted circles) were assessed to quantify the antibody 
accessibility of the insoluble organic matrices in the biosilica. Scale bars: 2 µm 
   
 
42 
 To quantify the percentage of a biosilica associated organic matrix accessible to the 
antibody, the ratio of the FIR of the biosilica (FIRBS) and the organic matrices (FIROM) was 
calculated (Table 9). For the Cingulin Y2 - GFP and Cingulin W2 - GFP constructs the FIR 
ratio between biosilica and microrings is 25% and 33%, respectively. As Silicanin-1 - GFP is 
found in the microrings and the microplates, the fluorescence intensities of valve and girdle 
band biosilica were analyzed individually. For the girdle band biosilica, a FIRBS/FIROM ratio 
of 19% was calculated, compared to 3% for the valve biosilica. Thus, only 19 to 33% of the 
microrings and only 3% of the microplates in the biosilica are accessible to antibodies while 
the majority of the insoluble organic matrices is shielded.  
 
Table 9: Quantification of antibody accessibilities of insoluble organic matrices associated to T. 
pseudonana biosilica. The Alexa647 fluorescence intensity of individual objects was normalized 
against the GFP fluorescence of the same object, resulting in the fluorescence intensity ratio (FIR). 
The FIR ratio between non-isolated (FIRBS) and isolated (FIROM) insoluble organic matrices evaluates 
the percentage of insoluble organic matrices accessible to antibodies in the biosilica. For FIR data the 
standard error of the mean is given, while n describes the number of objects analyzed.  
 Object FIR FIRBS/FIROM 
Cingulin Y2 
Biosilica (BS) 0.40 ±0.05 (n = 17) 
0.25 
Organic matrices (OM) 1.63 ±0.12 (n = 12) 
Cingulin W2 
Biosilica (BS) 0.78 ±0.04 (n = 19) 
0.33 
Organic matrices (OM) 2.33 ±0.18 (n = 15) 
Silicanin 1 
Girdelband biosilica (BS) 6.66 ±0.85 (n = 33) 0.19 
Valve biosilica (BS) 1.21 ±0.11 (n = 43) 0.03 
Organic matrices (OM) 35.19 ±3.28 (n = 36)  
 
 
4.3. Silica deposition on T. pseudonana microplates  
 As reported by Scheffel et al., microrings of T. pseudonana show intrinsic non-porous 
silica deposition activity, prompting the hypothesis of microrings acting as templates for 
biosilica morphogenesis 177. Presumably, the newly discovered microplates display silica 
deposition activity as well. Thus, the microplates were incubated with the silica precursor 
silicic acid and subjected to SEM (Figure 11).  
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Figure 11: SEM images of T. pseudonana AFIM before (A, D) and after (B, C, E, F) incubation 
with silicic acid. Remineralization was performed with 100 mM silicic acid in 50 mM sodium acetate 
pH 5.5. The dotted circles mark the position of the remineralized fultoportulae dots. As a control,  
microrings are shown before (D) and after remineralization (E). The 100 nm sized holes scattered 
throughout the images are the pores of the carrier membrane. Scale bars: 1 µm 
 
 After the incubation, all analyzed AFIMs seemingly increased in thickness and signal 
intensity. The described changes are similar to that reported by Scheffel et al. in 2011 for the 
silica deposition on microrings, suggesting that the microplates have intrinsic silica deposition 
activity as well, leading to the formation of non-porous silica on the ring-shaped filaments and 
the fultoportulae dots.  
 
 
 
 
 
 
 
   
 
44 
4.4. Comparison of the biosilica and insoluble organic matrices of 
T. pseudonana, T. oceanica, and C. cryptica 
 The comparison of structural features of the AFIM and the biosilica allows the 
determination of the AFIM origin. Therefore, a careful examination of the biosilica via 
electron microscopy is required prior to the screening for insoluble organic matrices. Thus, 
the biosilica of the species T. oceanica and C. cryptica was analyzed, probed for the existence 
of insoluble organic matrices and compared to the biosilica and AFIM of T. pseudonana. 
 
4.4.1. Structural comparison of the valve biosilica and the derived 
organic microplates 
 The three species differed in their average valve diameter and the number of peripheral 
fultoportulae. The valve of T. pseudonana was the smallest with 5.4 ±0.7 µm (n = 24) and on 
average 11 ±1 fultoportulae, followed by that of T. oceanica with 6.7 ±0.5 µm (n = 15) and    
8 ±1 fultoportulae and C. cryptica with a diameter of 7.0 ±1.0 µm (n = 12) and 14 ±3 
fultoportulae. In all three species, an additional fultoportula was usually located next to the 
center of the valve. In each of the three diatoms, a positive correlation between the valve 
diameter and the number of peripheral fultoportulae was found, where bigger valves have 
more peripheral fultoportulae. Interestingly, this correlation did not exist among the three 
species, as the average fultoportulae amount of T. oceanica was lower than that of 
T. pseudonana, even though the average valve diameter was higher. Although genomic 
comparisons suggest a closer relationship between C. cryptica and T. pseudonana 188, 
T. oceanica and T. pseudonana shared more similarities in the general organization of their 
distal valve biosilica (Figure 12, left and middle column). Both species had circa 50 nm thin 
costae spanning from the center of the valve to the rim. The costae in T. pseudonana were 
elevated, and cross connections between the costae resulted in irregularly shaped areola pores. 
As the costae of T. oceanica were not elevated, the surface appeared flat and identification of 
cross connections and areola pores was more challenging. At the rim of the valve, the costae 
are elevated, allowing the detection of cross connections and areola pores. Both species had 
similar sized cribrum pores with diameters of 26 ±4 nm (T. pseudonana, n = 25) and            
28 ±4 nm (T. oceanica, n = 25), distributed throughout the valve. The cribrum pores in 
T. pseudonana were often enclosed by areola pores, giving rise to the diatom-specific 
hierarchical pore pattern. The organization of the C. cryptica distal valve biosilica was more 
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complex (Figure 12, right column) than in the other two diatoms. The peripheral fultoportulae 
were joined by 90 - 350 nm wide costae, spanning from the center of the valve to the rim. 
Close to the fultoportulae, each costa had a slit filled with ~30 nm sized cribrum pores. 
Neighboring costae restrict roughly triangular sectors that were filled with 20 ± 4 nm (n = 25) 
sized cribrum pores and 2 - 5 thin costae that are ~50 nm wide. Adjacent costae were linked 
with each other, forming irregular, ring-shaped areola pores. Each areola pore enclosed 
varying numbers of cribrum pores, thereby generating a hierarchical pore pattern. In the 
center of the valve, areola pores were sparser and the cribrum pores dominated. For all three 
species, the hierarchical pore pattern was only present on the distal side of the valve, as the 
proximal surface was missing the elevated areola pore walls, therefore appearing flat (Figure 
12, G - I).  
 After dissolving the valve biosilica with ammonium fluoride, microplates could be 
identified for T. oceanica and C. cryptica as well (Figure 12, K, L). As for T. pseudonana, the 
microplates of T. oceanica and C. cryptica comprised organic rings enclosing regularly 
spaced dots. The diameter of the microplates and the number and spacing of the dots 
resembled the diameters and fultoportulae positions in the valve biosilica. In contrast to the 
microplates found in T. pseudonana, the complete interior of T. oceanica microplates was 
filled with organic material, which, however, also showed no structural similarities to the 
valve biosilica. This was not the case for the interior of the C. cryptica microplate, as it 
showed striking structural similarity to the valve biosilica. About 200 nm sized fultoportulae 
dots were affiliated to 80 - 250 nm wide costae-like stripes that were split by dark lines, 
resembling the cribrum pore positions in the biosilica. Neighboring costae-like stripes 
confined triangular sectors that were filled with regular dot patterns, resembling the areole 
and cribrum pore positions in the biosilica.  
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Figure 12: Structural comparison of the distal (top two rows) and proximal (third row) valve 
biosilica of T. pseudonana (left), T. oceanica (middle), and C. cryptica (right) and their derived 
microplates (bottom). The boxed regions from images A-C are shown in higher magnification in 
images D-F, respectively. The symbols indicate the positions of characteristic biosilica structures, and 
organic material derived from these structures: yellow circles = peripheral and central fultoportulae, 
blue circles = peripheral and central fultoportulae dots, dotted red/blue line = wide costae, dotted lines 
= narrow costae, yellow/blue triangles = triangular sector of biosilica valve/organic microplate, arrows 
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= cribrum pores, dotted circles = areola pores. The images were taken with SEM. Note that some parts 
of the valve biosilica and microplates were hidden due to still attached girdle bands or microrings, 
respectively. The 100 nm sized holes scattered throughout the images G - L are the pores of the carrier 
membrane. Scale bars: A - C, G - L: 1 µm; D - F: 500 nm 
 
 
4.4.2. Structural comparison of girdle band biosilica and organic 
microrings 
 T. pseudonana, T. oceanica, and C. cryptica share the general organization of their 
girdle bands, where the number of pores was highest in the valvo-copula and decreased in the 
direction of the pleural bands (Figure 13). The transition area of consecutive girdle bands was 
always pore-free. Regarding the pore properties, however, the three species differed strongly. 
In the valvo-copula of T. pseudonana, the first row of pores was organized in a hierarchical 
pore pattern of areola pores enclosing up to four cribrum pores (Figure 13, D). The rest of the 
pores found in the girdle bands were cribrum pores with a diameter of 23 ±4 nm (n = 25). In 
T. oceanica, the entire valvo-copula comprised areola pores, enclosing up to four 18 ±4 nm 
(n = 25) cribrum pores (Figure 13, E). The subsequent girdle band displayed only cribrum 
pores, while the rest of the girdle bands had no pores. The organization of the pores in the 
C. cryptica girdle bands was more elaborated, as pores were mainly arranged in chains, tilted 
by 20° to 40° (Figure 13, F). The two girdle bands closest to the valve showed hierarchical 
structures of areola pores enclosing 26 ±5 nm (n = 25) sized cribrum pores. All the following 
girdle bands comprised similarly sized cribrum pores.  
 After the dissolution of the girdle band silica, microrings could be isolated for 
T. oceanica and C. cryptica as well (Figure 13). The microrings from T. oceanica were 
similar to that of T. pseudonana with parallel organic filaments merged at specific positions 
and an organic layer in between the organic filaments. Similar to the T. pseudonana 
microrings, it appears reasonable to assume that the organic filaments of the T. oceanica 
microrings were derived from the pore-free transition areas of neighboring girdle bands, while 
the organic layers represent the interior of the girdle bands. Analog to the microplates, the 
girdle band derived insoluble matrix of C. cryptica strongly differed from the microrings of 
T. pseudonana and T. oceanica. An organization into organic filaments and organic layers 
could not be observed. The whole insoluble matrix appeared as one homogeneous formation, 
making it impossible to identify structural properties via SEM. Although "ring-like structures" 
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have not been found, the girdle band derived insoluble organic matrices from C. cryptica will 
still be referred to as microrings.   
 
 
Figure 13: Structural comparison of the girdle band biosilica of T. pseudonana (left), T. oceanica 
(middle) and C. cryptica (right) and their derived microrings (bottom). The boxed regions from 
images A-C are shown in higher magnification in images D-F, respectively. The symbols indicate the 
positions of characteristic biosilica structures, and organic material derived from these structures: 
arrows = cribrum pores, dotted circles = areola pores, dotted lines = tilted parallel pore chains. All 
images shown were taken with SEM. The 100 nm sized scattered holes in the images G - I are pores of 
the carrier membrane. Scale bars: top and bottom row: 1 µm; middle row: 500 nm 
 
 
4.5. Silica deposition activities of organic matrices from T. oceanica and 
C. cryptica 
 As it has been shown that the microplates and microrings of T. pseudonana possess 
intrinsic non-porous silica formation activity 177, it is likely to find the same behavior in the 
newly identified insoluble organic matrices of T. oceanica and C. cryptica. Therefore, the 
insoluble organic matrices of T. oceanica and C. cryptica were tested on their silica 
deposition activity. 
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4.5.1. Silica deposition activity of T. oceanica microrings and 
microplates  
 The microrings and microplates of T. oceanica showed a similar nonporous silica 
deposition behavior (Figure 14) as found in T. pseudonana (Figure 11). The different 
appearance of T. oceanica AFIM before and after remineralization was comparable to that 
reported by Scheffel et al. in 2011 for T. pseudonana microrings. For the microrings of 
T. oceanica, a very strong silica deposition was observed in the region of the organic 
filaments and the organic layer of the microrings. For the microplates, an increased thickness 
and signal strength were observed at the fultoportulae dots and at the organic filament 
constricting the microplates. Interestingly, the unstructured organic material covering the 
interior of the microplate (Figure 12, K) was absent after the remineralization experiment, 
wherefore no statement regarding its silica deposition activity can be made.  
 
 
Figure 14: SEM images of T. oceanica insoluble organic matrices before (A, D) and after (B, C, 
E, F) remineralization. Remineralization was performed with 100 mM silicic acid in 50 mM sodium 
acetate pH 5.5. The 100 nm sized scattered holes in the microplate images are pores of the carrier 
membrane. Scale bars: 1 µm 
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4.5.2. Silica formation activity of C. cryptica microrings 
  Although the microrings of C. cryptic appeared to have no structural similarities to the 
girdle band biosilica, major features of the biosilica were found after remineralization          
(Figure 15): 26 nm (n = 25) sized silica pores were present, resembling the size and 20° - 40° 
tilted chain-like organization of the cribrum pores found in the girdle bands. Occasionally, 
biosilica-like hierarchical pore patterns of areola pores enclosing cribrum pores were 
observed. As in the biosilica, layers of porous silica were separated by pore-free silica bands. 
  
 
Figure 15: SEM images of C. cryptica microrings before (A) and after (B, C, E, F) 
remineralization. For comparison, a girdle band region of the biosilica is shown (D). 
Remineralization was performed with 100 mM silicic acid in 50 mM sodium acetate pH 5.5. The 
boxed regions from images B are shown in higher magnification in images C, E and F. The symbols 
indicate the positions of characteristic biosilica, or biosilica-like structures: arrows = cribrum and 
cribrum-like pores, dotted lines = parallel chains of pores, dotted circles = areola pores enclosing 
cribrum pores. The black dots in the background of the images A-C and F are caused by filter 
membrane pores. Scale bars: A, B: 1 µm, C-F: 250 nm         
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4.5.3. Silica formation activity of C. cryptica microplates 
 As described in section 4.4.1, the strong resemblance of the microplates with the valve 
biosilica was unique for C. cryptica and absent in the insoluble organic matrices of 
T. pseudonana and T. oceanica (Figure 12). Therefore, a different behavior regarding the 
formed silica structures was likely. After remineralization, the microplates were covered by a 
layer of silica that was pronounced at the fultoportulae positions (Figure 16). Throughout the 
microplates, regularly spaced circular pores with a diameter of 15 ± 3 nm (n = 25) were 
detected, showing a similar size as the cribrum pores (20 ± 4 nm; n = 25, see section 4.4.1) 
found in the C. cryptica biosilica.  
 
 
Figure 16: SEM images of C. cryptica microplates before (A) and after (B, C, E, F) 
remineralization. For comparison, a region of the valve biosilica is shown (D). Remineralization was 
performed with 100 mM silicic acid in 50 mM sodium acetate pH 5.5. The boxed regions from images 
B and C are shown in higher magnification in images E and F, respectively. The symbols indicate the 
positions of characteristic biosilica, or biosilica-like structures: arrows = cribrum and cribrum-like 
pores, circles = fultoportulae and fultoportulae dots. The black dots in the background of the images 
A-C, E and F are caused by filter membrane pores. Scale bar: A-C: 1 µm, D-F: 250 nm         
 
 
 The results of the remineralization experiments in T. pseudonana, T. oceanica, and 
C. cryptica suggest that silica deposition activity is a common feature of biosilica derived 
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insoluble organic matrices. However, the generation of biosilica-like pore structures was only 
observed for the microrings and microplates of C. cryptica. The strong structural differences 
between the AFIM of T. pseudonana and T. oceanica compared to that of C. cryptica (see 
section 4.4.1 and 4.4.2) emphasizes the uniqueness of the C. cryptica microplates and 
microrings. Therefore, the remainder of this thesis will focus on the AFIM of C. cryptica and 
on its silica deposition activity.  
 
4.6. Structural and compositional analysis of the C. cryptica AFIM 
 Understanding the mechanism of AFIM-based porous silica formation requires an in-
depth understanding of its structure and composition. Therefore, it was analyzed using various 
techniques, including TEM, EDS, AFM, fluorescence microscopy and amino acid analysis.   
 
4.6.1. TEM and EDS analysis of C. cryptica valve biosilica and 
microplates 
 The C. cryptica valve biosilica and microplates were analyzed using TEM, as this 
technique might help to identify structural details not visible by SEM and additionally allows 
for faster screening of objects than SEM. The four structural features of the distal valve 
biosilica identified with SEM (see section 4.4.1) were also visible in transmission electron 
microscopy (Figure 17 A, D). The costae and their interconnections showed comparable 
electron density, suggesting similar silica concentrations. The cribrum pores were electron 
lucent. After demineralization, the features of the valve biosilica were preserved in most of 
the microplates (Figure 17 B, E). The areola pore-like structures appeared as electron dense, 
but could not be found in all microplates (Figure 17 C, F). In contrast to the areola pores, the 
costae appeared as more electron transparent, suggesting less organic material in the costae 
than in the areola pores. As in the biosilica, the cribrum pores appeared as the most electron 
transparent structures. The lack of silica in the microplates was confirmed by EDS (Figure 
18).    
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Figure 17: Overview of transmission electron micrographs comparing structural features of 
C. cryptica valve biosilica (A, D) and demineralized microplates (B, C, E, F). The boxed regions 
from images A - C are shown in higher magnification in images D - F, respectively. The symbols 
indicate the positions of characteristic biosilica, or biosilica-like structures: triangle = triangular sector 
of biosilica valve/organic microplate, red dotted lines = wide costae and costae-like stripes, yellow 
dotted lines = narrow costae, dotted circles = areola pores or walls, arrows = cribrum pores, circles = 
fultoportulae and fultoportulae dots. Scale bar: A-C: 1 µm, D-F: 500 nm     
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Figure 18: Corresponding TEM (left) and EDS (middle) images of C. cryptica biosilica (top row) 
and a microplate (bottom row). The EDS mapping (B, E) and the spectral analysis (C, F) confirm 
the presence of silicon in the biosilica, which is absent in the AFIM. Scale bars: 1 µm         
 
4.6.2. AFM measurements of C. cryptica microplates 
 As scanning and transmission electron microscopy gave no information about the 
topography of the microplates, AFM measurements were conducted. This approach had the 
additional advantage that the microplates were imaged under hydrated conditions, preventing 
the introduction of drying artifacts. As expected, the general structure of neighboring 
costae-like stripes dividing the microplates into triangular sectors (Figure 19) was confirmed 
by AFM. The interior of the triangular sectors was 30 nm higher than the costae-like stripes. 
Examining the morphology of the interior of the triangular sectors, revealed two different 
structural confirmations. The first type showed areola pore-like structures, filled with 
cribrum-like pores (Figure 19 A, C). The second set of microplates exhibited 20 to 50 nm 
sized nodules, predominantly localized in the interior of the triangular sectors, while more 
sparsely present in the costae-like stripes (Figure 19, B, D).  
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Figure 19: AFM images of C. cryptica microplates. The boxed regions from images A and B are 
shown in higher magnification in images C and D, respectively. The symbols indicate the positions 
of characteristic biosilica-like structures: triangle = triangular sectors, arrows = cribrum-like pores, 
dotted arrows = nodules, dotted lines = costae-like stripes, dotted circles = areola-like pores. Scale 
bars: A, B: 1 µm, C, D: 250 nm     
 
 
4.6.3. Chitin localization in C. cryptica microplates and microrings 
 Given that for T. pseudonana a biosilica associated chitin meshwork was found and it 
was hypothesized that chitin plays a role in cell wall morphogenesis 176,189, the presence of 
chitin in the AFIM of C. cryptica was investigated. Therefore, a fusion protein comprising a 
chitin binding domain and GFP (CB-GFP) was employed, which previously has been used to 
localize chitin in mollusk shells 184. A GFP signal was not found in the interior of the organic 
microplates, but at its periphery (Figure 20, left half). After chitinase treatment, no GFP 
fluorescence was observed. These results indicate that the rim of the organic microplates 
and/or still attached organic microring fragments contain chitin, whereas chitin is absent from 
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the interior surface of the microplates. In the organic microrings, stripes of GFP fluorescence 
were observed (Figure 20, right half), which were absent after chitinase treatment. This 
suggests that chitin is a part of the microrings. However, it is possible that the observed chitin 
was no integral part of the microrings. Even if the localization of the chitin on the biosilica 
differs from that of the AFIM, it would be highly likely to overlap with the AFIM after 
desilicification of the immobilized biosilica. Such ring-like structures could indeed be 
observed after CB-GFP labeling of biosilica (Figure 21, left). The GFP signal was absent after 
chitinase treatment. To clarify the origin of the microring-associated chitin, an additional 
experiment was conducted: the chitin rings on the biosilica were removed by chitinase 
treatment, followed by the isolation of the AFIM. After incubation of the AFIM with 
CB-GFP, no chitin rings were observed anymore (Figure 21, right). Therefore, it seems likely 
that the chitin rings found on the microrings were left behind from the biosilica and no 
original part of the microrings.  
 
 
Figure 20: Presence of chitin in organic microplates and microrings. C. cryptica microplates (left) 
and microrings (right) were labeled with CB-GFP before (untreated) or after chitinase treatment 
(chitinase treated) and imaged by bright field microscopy (BF) and epifluorescence microscopy 
(GFP). Scale bars: microplates: 5 µm, microrings: 10 µm        
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Figure 21: Presence of chitin associated with biosilica (left) and in organic microrings derived 
from chitinase treated biosilica (right). Objects were imaged by bright field microscopy (BF) and 
epifluorescence microscopy (GFP). Scale bars: 10 µm        
 
 
4.6.4. Amino acid analysis of C. cryptica AFIM 
 To investigate the possible presence of proteins in the AFIM, it was treated 
subsequently with Pronase and Proteinase K. After protease treatment, the dry weight of the 
AFIM decreased by 60% from 1.2 ± 0.06 mg to 0.47 ± 0.03 mg (n=3), indicating that proteins 
are the main components of the AFIM. Amino acid analysis revealed that the most abundant 
amino acids were glycine (17 mol-%), serine (15 mol-%), aspartic acid (9 mol-%) and 
glutamic acid (8 mol-%), making up almost 50% of the standard amino acids of the AFIM 
(Table 10). After protease treatment, the overall amount of amino acids in the insoluble 
organic matrix was reduced by 65%, confirming the dry weight measurements. The highest 
decrease was found for leucine (95%), phenylalanine (93%), methionine (93%) and isoleucine 
(92%).   
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Table 10: Amino acid composition of the insoluble organic matrices before and after subsequent 
treatment with Pronase and Proteinase K. The analysis was performed three times using the same 
AFIM preparation. Given are the average and the standard deviations of the three samples. Amino 
acids showing a decrease in abundance after protease treatment of at least 50% are highlighted the 
following: green: 50 - 75%; red: 75 - 90%; blue: over 90%. 
  Untreated Protease 
decrease 
[%]  
Amino 
Acid 
nmol mol-% nmol 
Non-polar 
Ala 242 ±141 7.21 ±0.15 45 ±8 81 
Gly  580 ±337 17.25 ±0.47 356 ±65 39 
Ile 122 ±75 3.58 ±0.06 9 ±1 92 
Leu   206 ±128 6.07 ±0.11 11 ±2 95 
Met 52 ±32 1.54 ±0.02 4 ±1 93 
Phe 102 ±64 3.01 ±0.08 7 ±1 93 
Pro   125 ±77 3.68 ±0.04 21 ±4 83 
Trp trace n. a.  trace n.a. 
Val 190 ±116 5.61 ±0.04 87 ±120 54 
Polar, 
uncharged 
Ser  514 ±313 15.15 ±0.13 346 ±61 33 
Thr 189 ±117 5.55 ±0.10 46 ±8 76 
Tyr   75 ±48 2.18 ±0.09 16 ±2 78 
Cationic  
Arg   141 ±92 4.04 ±0.18 34 ±6 76 
His 91 ±55 2.68 ±0.03 25 ±8 73 
Lys 149 ±91 4.39 ±0.07 38 ±7 74 
Anionic  
Asp 310 ±178 9.28 ±0.25 70 ±12 77 
Glu   278 ±164 8.27 ±0.11 40 ±6 86 
 
 
4.7. Hierarchical silica pore pattern formation in C. cryptica microplates 
 As shown in section 4.5.3, it was possible to observe cribrum-like silica pore patterns 
after remineralization of microplates with silicic acid. However, the formation of hierarchical 
pore patterns comprising areola pores enclosing cribrum pores was not observed. Therefore, it 
is reasonable to assume that the experimental setup is missing key ingredients or conditions. 
As mentioned in the introduction, the ammonium fluoride based silica dissolution does not 
only allow the isolation of biosilica derived insoluble organic matrices, but also the isolation 
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of soluble components (AFSC), believed to play a role in biosilica morphogenesis (see 
section 1.5.3.3). Therefore, the previously conducted remineralization experiments were 
repeated in the presence of the isolated AFSC. As in T. pseudonana 159, the soluble material of 
C. cryptica comprised Stains-All stainable proteins and Coomassie Blue stainable LCPA 
(Figure 22).  
 
 
 
 
 
 
 
 
 
Figure 22: SDS PAGE of C. cryptica AFSC. A: 6%  
Tris-Tricine SDS-PAGE followed by staining with  
“Stains-All”. B: 16% Tris-Tricine SDS-PAGE followed  
by staining with Coomassie Blue. 
 
 
4.7.1. SEM and TEM imaging of microplates displaying hierarchical 
silica pore patterns 
 After remineralization of surface adhered microplates in the presence of AFSC and 
silicic acid, irregularly shaped areola-like pores enclosing 15 ± 3 nm (n=25) cribrum pores 
could be observed (Figure 23). Although costae-like rays were missing, the generated patterns 
closely resembled the structures of the valve biosilica.  
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Figure 23: Reconstitution of C. cryptica valve-like hierarchical silica pore pattern, using surface 
adsorbed AFIM, silicic acid, and AFSC. For comparison, a silica-free microplate (A) and a region of 
the valve biosilica (D) are shown. The boxed regions from images B and C are shown in higher 
magnification in E and F, respectively. The symbols indicate the positions of characteristic biosilica, 
or biosilica-like structures: arrows = cribrum and cribrum-like pores, dotted circles = areola and 
areola-like pores. The black dots in the background of the images A - C, E, and F are caused by filter 
membrane pores. All images were taken with SEM. Scale bars: A - C: 1 µm, D - F: 250 nm.      
 
 Due to the advantages described before, microplates remineralized in the absence or 
presence of AFSC were also analyzed using TEM. The analysis confirmed the presence of 
porous silica in remineralized organic microplates. However, most microplates remineralized 
in the absence of AFSC lacked areola-like pores, and only exhibited cribrum-like pores        
(Figure 24 A, C). After remineralization in the presence of AFSC, the formation of electron 
dense areola pores enclosing cribrum pores was observed more often (Figure 24 B, D). The 
areola-like pores had a similar area distribution (2,500 - 18,000 nm2) as the areola pores of the 
native biosilica (1,000 - 18,000 nm2) (Figure 25, left). The cribrum-like pores in the 
remineralized organic microplates had an average diameter of 17.5 ±3.2 nm and thus were 
about half the size of the cribrum pores in the native biosilica (average diameter: 31.1 ±4.3 
nm Figure 25, right). Note that the size of the cribrum pores found in the biosilica stated here 
differs from that stated in section 4.4.1 because they were measured by TEM or SEM 
imaging. The measurement of pores with TEM proved to be the more reliable method as the 
contrast between the pore and the surrounding silica is higher than in SEM images. As in the 
valve biosilica, the hierarchical pore patterns are located in triangular sectors enclosed by 
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costae. However, the costae of the remineralized microplates showed lower electron density 
as the areola pores, suggesting that less silica was deposited in this regions (Figure 24 B, D). 
The deposition of a silicon layer was confirmed by EDS measurements, both for re-
mineralization in the presence and absence of AFSC (Figure 26).  
 
 
Figure 24: TEM images of remineralized organic microplates. Remineralization was performed 
with 100 mM silicic acid in 50 mM sodium acetate pH 5.5 in the absence (A, C) or in the presence of 
AFSC (B, D). The boxed regions from images A and B are shown in higher magnification in C and D, 
respectively. The symbols indicate the positions of characteristic biosilica-like structures: arrows = 
cribrum-like pores, dotted circles = areola-like pores, dotted lines = wide costae, triangle = triangular 
sectors. Scale bars: A, B: 1 µm, C, D: 500 nm         
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Figure 25: Comparison of areola pore area (left) and cribrum pore diameter (right) in valve 
biosilica and microplates remineralized in the presence of AFSC. The area distribution (left) of 
areolae pores (black bars) and areola-like pores (red bars) and the diameter (right) of cribrum pores 
(black bars) and cribrum-like pores (red bars) were determined from TEM images. For each property 3 
objects were analyzed, leading to more than 320 measuring points/property.  
 
 
Figure 26: Corresponding TEM (left) and EDS (middle) images of C. cryptica microplates 
remineralized in the absence (top row) or presence of AFSC (bottom row). The EDS mapping (B, 
E) and the spectral analysis (C, F) confirm the deposition of silicon on the microplates. Scale bars: 1 
µm         
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4.7.2. Quantification of microplates with hierarchical pore patterns 
remineralized in the presence and absence of AFSC 
 By analyzing large numbers of TEM images it became apparent that occasionally 
hierarchically porous silica patterns were also present in material that was remineralized in the 
absence of AFSC. Furthermore, remineralization in the presence of AFSC did not always 
result in hierarchically porous silica. To quantify the grade of hierarchical porosity in the 
microplates the analyzed objects were divided into two categories: complete hierarchy and 
incomplete hierarchy. Objects with complete hierarchy exhibited triangular sectors filled with 
areola pores throughout the whole periphery of the remineralized microplate (Figure 27 B). 
Microplates with incomplete hierarchy exhibited only some or no triangular sectors filled with 
areola pores (Figure 27 C, D). Upon remineralization in the presence of AFSC, 70% of the 
objects showed complete hierarchy (Figure 28). When the AFSC was absent, two-fold less 
(34%) objects with complete hierarchy were found, making the differences highly significant. 
Surprisingly, the AFSC - silicic acid mixture did not alter the microplate structure, as could be 
demonstrated by AFM measurements of microplates before and after remineralization  
(Figure 29).  
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Figure 27: Exemplary microplates classified as complete (B) or incomplete hierarchy (C, D). 
Microplates with complete hierarchy display triangular sectors (dotted triangles) of areola pores 
throughout the whole periphery of the microplate, as it is the case in valve biosilica (A). Microplates 
showing some or no triangular sectors with areola pores are classified as incomplete hierarchy. All 
images shown were taken with TEM. Scale bars: 1 µm         
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Figure 28: Influence of the AFSC on recreation of hierarchical pore pattern in remineralized 
microplates. Remineralization was performed with 100 mM silicic acid in 50 mM sodium acetate pH 
5.5 in the presence of the indicated additives. Remineralized microplates containing hierarchically 
porous patterns in all triangular sectors exhibited “complete hierarchy” (black bars). Organic 
microplates that lacked hierarchically porous patterns in one or more triangular sectors exhibited 
“incomplete hierarchy” (grey bars). For each remineralization condition, the fractions of remineralized 
organic microplates exhibiting complete and incomplete hierarchy are expressed in % of the number 
of analyzed objects. For each remineralization condition >50 objects were analyzed. The Asterisks 
indicates significant differences (p < 0.001).  
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Figure 29: AFM images of two C. cryptica microplates before (left half) and after (right half) 
remineralization in the presence of AFSC. The addition of AFSC and Si(OH)4 does not alter the 
structure of the microplate. The boxed regions from images A, B, E, and F are shown in higher 
magnification in C, D, G, and H, respectively. Scale bars: Overview images: 1 µm, detail images: 250 
nm 
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 The results described above demonstrated that the addition of AFSC to silicic acid is 
beneficial for the detection of hierarchical pore patterns via TEM. However, it is unclear 
(i) whether the AFSC directly binds to the AFIM, and if so whether it has preferred binding 
sites. Furthermore, it is unclear (ii) whether the complete AFSC or individual subcomponents 
are sufficient to achieve complete hierarchy. These questions were tackled in the following 
experiments.  
 
4.7.3.  Correlative super-resolution microscopy and TEM imaging  
 To answer the question (i) raised at the end of section 4.7.2, the AFSC was labeled 
with the fluorescent dye Cy5. SDS - PAGE confirmed the successful labeling of the protein 
components found in the AFSC (Figure 30). Cy5 labeling of the LCPAs was not investigated. 
After incubation of the AFIM with the Cy5-AFSC, meshwork-like binding throughout the 
entirety of the microrings and microplates was observed (Figure 31), confirming a specific 
interaction between AFSC and AFIM. To identify the binding points on the AFIM, the same 
objects were subjected to TEM and superimposed with the super-resolution images        
(Figure 31). However, it was not possible to correlate the AFSC binding pattern to distinct 
structural features of the AFIM.  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 30: 6 % SDS Tris-Tricine PAG of Cy5-labeled C. cryptica  
AFSC. The protein components are stained with "Stains all" (left).  
Proteins labeled with Cy5 become visible after excitation at 648 nm (right).   
 
   
 
68 
 
 
Figure 31: Super-resolution (left) and TEM (middle) images of Cy5-labeled AFSC bound to 
AFIM. The Cy5 signal is shown in white (left column) or in red (right column). Overlays of super-
resolution and TEM images are presented in the right column. Scale bars: 1 µm 
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4.7.4. Influence of AFSC components on the formation of hierarchical 
silica pore patterns 
 To identify which soluble molecules are particularly potent in generating microplates 
with complete hierarchy in vitro, the AFSC was separated into an LCPA fraction that lacked 
the AFSC proteins and an AFSC protein fraction that lacked the LCPAs (Figure 32). To do 
so, the AFSC was fractionated on a Superose 12 column (Figure 33). SDS PAGE revealed 
that the LCPAs and the AFSC proteins did not separate completely (data not shown). 
Fractions containing mixtures of AFSC proteins and LCPAs were pooled together           
(Figure 33, F1), as well as fractions containing pure LCPAs (Figure 33, F2). Subsequently, 
the sample F1 was fractionated under high salt conditions on a Superdex peptide column 
(Figure 34), which resulted in the separation of the AFSC proteins and the LCPAs (data not 
shown). Fractions containing the pure AFSC proteins were pooled together (Figure 34, F3), 
constituting the LCPA free AFSC proteins. The AFSC protein free LCPA sample was 
generated by pooling the fractions containing pure LCPA (Figure 34, F4), followed by 
merging it with the fraction F2. The remineralization experiments were then conducted in the 
presence of LCPAs, the AFSC protein fraction and reconstituted AFSC, comprising a mixture 
of the isolated AFSC proteins and LCPAs. The microplates were categorized as described in 
section 4.7.2. The LCPAs alone (Figure 35 A, D) and the reconstituted AFSC                
(Figure 35 C, F) showed no significant difference in the amounts of microplates with 
complete hierarchy (60% and 68%, respectively) (Figure 36). These values are similar to the 
outcome of the in section 4.7.2 presented remineralization experiments using the native AFSC 
(70%). Remineralization experiments in the presence of the AFSC protein fraction          
(Figure 35 B, E), resulted in significantly fewer objects with complete hierarchy              
(Figure 36, 12%) compared to the usage of the native AFSC and compared to remineralization 
without any additives. These results indicate that the LCPAs are more potent in generating 
microplates with complete hierarchy in vitro than the AFSC proteins.  
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Figure 32: SDS-PAGE analysis of the  
AFSC from C. cryptica before and after gel  
filtration chromatography. A: 6%  
Tris-Tricine SDS-PAGE followed by staining  
with “Stains-All”. B: 16% Tris-Tricine  
SDS-PAGE followed by staining with  
Coomassie Blue. 
 
 
Figure 33: Purification of C. cryptica LCPA and AFSC proteins. Size exclusion chromatography 
(Superose 12 10/300 GL) of the ammonium fluoride extract from C. cryptica biosilica. LCPA and 
protein mixtures eluted between 17.5-43.5 min (Fraction F1), while pure LCPA eluted from 44.5-48.5 
min (fraction F2). Displayed are the absorptions at 280 nm.       
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Figure 34: Size exclusion chromatography (Superdex peptide 10/300 GL) of fraction F1. LCPA 
free proteins eluted between 17.5-28.5 min (Fraction F3), while pure LCPA eluted from 28.5-48.5 min 
(fraction F4). Displayed is the absorption at 280 nm.       
 
 
Figure 35: TEM images of remineralized organic microplates. Remineralization was performed 
with 100 mM silicic acid in 50 mM sodium acetate pH 5.5 in the presence of LCPA (A, D), proteins 
(B, E) and a combination of LCPA and protein (C, F). The boxed regions from images A - C are 
shown in higher magnification in D - F, respectively. The symbols indicate the positions of 
characteristic biosilica-like structures: arrows = cribrum-like pores, dotted circles = areola-like pores, 
dotted lines = wide costae. Scale bars: A-C: 1 µm, D - F: 500 nm               
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Figure 36: Influence of the different additives on recreation of hierarchical pore pattern in 
remineralized microplates. Remineralization was performed with 100 mM silicic acid in 50 mM 
sodium acetate pH 5.5 in the presence of the indicated additives. Remineralized microplates containing 
hierarchically porous patterns in all triangular sectors exhibited “complete hierarchy” (black bars). 
Organic microplates that lacked hierarchically porous patterns in one or more triangular sectors 
exhibited “incomplete hierarchy” (grey bars). For each remineralization condition, the fractions of 
remineralized organic microplates exhibiting complete and incomplete hierarchy are expressed in % of 
the number of analyzed objects. For each remineralization condition >50 objects were analyzed. The 
Asterisks indicates significant differences (p < 0.001), while no significant difference is represented by 
n.s.  
 
4.7.5. In vitro silica deposition activity of AFSC, AFSC protein, and 
LCPAs 
 The silica deposition activity of the additives used in section 4.7.2 and section 4.7.4 
was tested in homogeneous solution (i.e. in the absence of insoluble organic matrices) (Figure 
37). In these assays, all tested additives exhibited silica formation activity in acetate buffer at 
pH 5.5. The highest silica deposition activity throughout all tested concentrations was 
achieved by the native AFSC. The LCPA fraction precipitated up to 3 fold more silica than 
the AFSC protein fraction. Mixing of the protein fraction and the LCPA fraction seemed to 
have a synergistic effect on silica deposition activity, as the amount of precipitated silica was 
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higher than the sum of silica precipitated in the separated experiments. This synergistic effect 
only applied as long as these two components were in a molar ratio of 53 (protein) : 1 
(LCPA). Increasing the protein : LCPA ratio to 107 : 1 resulted in the decrease of silica 
deposition activity. Note that the protein concentrations given for this assay were assessed by 
quantifying the protein-bound phosphate, as direct quantification of the AFSC protein content 
using standard protein assays (e.g. Bradford assay, BCA protein assay) is unreliable. 
Therefore they do not necessarily resemble the actual protein concentrations.   
 
 
Figure 37: Silica precipitation activities of ammonium fluoride soluble components from the 
biosilica of C. cryptica. The indicated components were incubated at various concentration with 100 
mM silicic acid in 50 mM sodium acetate pH 5.5 in the presence of the indicated additives. Pelleted 
silica was dissolved in NaOH and quantified using the molybdate assay. The small embedded graph 
shows the silica deposition activity of the reconstituted LCPA/ protein mixture. The LCPA 
concentration stayed constant (1.75 µM) during the experiment, while the protein concentration 
increased. The AFSC and the protein concentration are represented by their phosphate concentrations.   
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4.7.6. SDS extraction of soluble components from C. cryptica AFIM 
 As 34% of the microplates that were remineralized in the absence of soluble 
components showed complete hierarchy as well (Figure 36), it was hypothesized that (i) the 
LCPAs are not the only components capable of promoting silica deposition on the 
microplates, and/or (ii) that LCPAs are still associated with the microplates and did not get 
solubilised during ammonium fluoride treatment. Therefore, the AFSC and the AFIM from 
one batch of biosilica was isolated. The obtained AFIM was incubated with SDS. 
Subsequently, the SDS extracted soluble molecules (SSMC) and the previously extracted 
AFSC were compared via SDS PAGE (Figure 38). Staining with "Stains All" showed that the 
AFIM contained non-covalently bound proteins that were extractable by SDS treatment 
(Figure 38 A). Regarding the LCPAs the detection in the AFSC after Coomassie Blue staining 
was expected. For the SSMC a smear with a higher molecular weight as for the AFSC LCPAs 
was found. The size range of the smear of 3.4 to 10 kDa is within the running behavior of 
LCPAs. This suggests that not all LCPAs got solubilized from the AFIM after ammonium 
fluoride treatment and might explain why 34% of the microplates remineralized in the 
absence of AFSC showed complete hierarchy (Figure 36).  
 
 
 
 
 
Figure 38: SDS-PAGE analysis of  
biosilica-associated organic components from  
C. cryptica. AFSC contains the biomolecules  
that became soluble after dissolving the  
biosilica with ammonium fluoride. SSMC  
contains the biomolecules that were extracted  
from the ammonium fluoride insoluble organic  
matrices by treatment with SDS.  
(A) 6% Tris-Tricine SDS-PAGE followed by  
staining with “Stains-All”. (B) 16% Tris-Tricine  
SDS-PAGE followed by staining with  
Coomassie Blue. 
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5. DISCUSSION 
 
 In the present study the occurrence of insoluble organic matrices in the three diatoms 
species T. pseudonana, T. oceanica and C. cryptica was investigated. It was demonstrated that 
the examined diatom species contained valve and girdle band derived insoluble organic 
matrices. This observation is in agreement with findings in other diatom species 177,178,190 and 
suggests that valve and girdle band associated insoluble organic matrices are a common 
feature of all diatom species. All the examined insoluble organic matrices exhibited 
differently pronounced structural resemblance to the related biosilica components while also 
displaying silica deposition activity. This suggests that they might play a role during cell wall 
morphogenesis. The most interesting silica deposition behavior was observed for the insoluble 
organic matrices of C. cryptica, resulting in the formation of biosilica-like hierarchical pore 
pattern.  
 Based on the identification of microrings in 2011 it was postulated that they act as 
templates for the formation of girdle bands 177. Thus, it seemed likely that the valve biosilica 
would also have an insoluble organic matrix as a template. Surprisingly, such a valve derived 
insoluble organic matrix was not found in T. pseudonana 177. It was hypothesized that its 
function was assumed by the previously discovered chitin meshworks 176,177.  
 However, in the present study, the existence of a valve derived insoluble organic 
matrix could be confirmed for T. pseudonana (Figure 9). Additional insoluble organic 
matrices exhibiting biosilica-like structural features were found in the diatoms T. oceanica 
and C. cryptica (Figure 12, 13). The AFIM of C. cryptica appeared to be much thicker and 
possibly more stable towards the applied extraction process than the AFIM of the other two 
species. This could explain why the C. cryptica microplates displayed a much higher 
similarity to valve biosilica structures than the microplates of the other two species. The latter 
might have a lower grade of covalent cross-linking throughout the AFIM than the AFIM of 
C. cryptica, possibly resulting in a loss of structural integrity during the rather harsh 
extraction conditions of 10 M ammonium fluoride at pH 4.5 followed by the extensive 
washing and drying of the AFIM prior to electron microscopy. The AFIM of T. pseudonana 
and T. oceanica were intrinsically capable of non-porous silica formation (Figure 11, 14). 
Biosilica-like hierarchical pore patterns, however, were not observed, indicating that essential 
conditions for their formation were not met during the in vitro remineralization experiment. 
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These conditions could include a reduced structural integrity of the AFIM due to the applied 
extraction procedure, the missing spatial confinement within the SDV, missing soluble 
components, and unfavorable pH or salt conditions. Interestingly, C. cryptica AFIM was not 
only able to form non-porous silica but also hierarchically porous, biosilica-like structures 
(Figure 15, 16, 23). Therefore, this study reports the first in vitro generated hierarchical silica 
pore patterns, using all natural diatom components, demonstrating that insoluble organic 
matrices have intrinsic hierarchical silica pore formation activity in vitro. 
 For an active role in silica deposition during cell wall morphogenesis the insoluble 
organic matrices are required to be present in the SDV 101–103,141,142. Confirming this is highly 
challenging, as protocols for the isolation of SDVs have not been established yet. 
Alternatively, the presence of AFIM in the developing SDVs could be demonstrated in vivo 
by specific labeling of AFIM components with fluorescent dyes or immunogold particles, 
followed by imaging via super-resolution or electron microscopy, respectively. For this thesis, 
a different approach was selected, as the accessibility of biosilica associated insoluble organic 
matrices was examined. By the use of antibodies against AFIM proteins, it was demonstrated 
that the majority (≥ 2/3) of the T. pseudonana AFIM exhibits a strongly limited accessibility 
and therefore has to be shielded (see section 4.2). This is in agreement with previous reports 
demonstrating the inaccessibility of AFIM for proteases 177. This could imply that the AFIM 
is shielded by silica, for which it has to be present in the SDV during cell wall morphogenesis. 
Although these findings argue for an active role of AFIM in silica deposition, it is no final 
proof. An alternative explanation is that the AFIM is not covered by silica, but by organic 
components like silaffins, silacidins, LCPAs, chitin or others. Additionally, Tesson and 
Hildebrand reported for other diatom species that their insoluble organic matrices are not 
entrapped in the silica, but attached to its proximal surface, as they were absent after acid 
treatment of the biosilica 178. However, as mentioned in section 1.5.3.3.2 this conclusion is not 
valid because organic material embedded in the biosilica has also a high likelihood of getting 
degraded by acid treatment due to the high conductivity of hydrated silica for protons. To give 
a definite answer about the localization of the AFIM in respect to the biosilica the isolation of 
developing SDVs or the imaging experiments described at the beginning of this paragraph 
should be applied.  
 As the AFIM of C. cryptica and their silica deposition behavior strongly differed from 
that of the other two species, they were analyzed in greater detail. Proteolytic digestion 
revealed that the insoluble organic matrices of C. cryptica are mostly (≥ 60%) protein based 
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(see section 4.6.4). The amino acid composition of the C. cryptica AFIM is comparable to that 
of T. pseudonana 186, where glycine (17 / 28 mol-%), serine (15 / 25 mol-%), aspartic 
acid/asparagine (9 / 10 mol-%), and glutamic acid/glutamine (8 / 3 mol-%) are present in high 
abundance (Table 10).  
 SEM, TEM and AFM imaging of isolated C. cryptica microplates revealed striking 
structural similarities to features found in the valve biosilica (Figure 12, 17,19). As the valve 
biosilica, the microplates were organized in costae-like rays restricting triangular sectors. 
AFM measurements showed that the triangular sectors were elevated by 30 nm, compared to 
the costae-like rays, and may, therefore, contain more organic material or be more highly 
hydrated. In some of the microplates, a hierarchical arrangement of cribrum-like and areola-
like pores could be observed. However, in a substantial number of organic microplates, this 
arrangement was absent from large areas (Figure 17) or was even entirely lacking (data not 
shown). As shown by AFM the organic material was instead arranged as nodules (Figure 19). 
These two morphologies might either represent organic microplates that differ in organic 
composition, or they represent the two different sides of an organic microplate. The first case 
might have been caused by inhomogeneities during the ammonium fluoride treatment, leading 
to variations in the solubilization of the organic matrix components. In the second case, the 
side with the areola- and cribrum-like pores could correspond to the distal surface of the valve 
biosilica, whereas the side with the nodules could correspond to the proximal valve biosilica 
surface, as it is missing hierarchical silica pore patterns. The observed nodules had a diameter 
of 20-50 nm and are therefore in the same range as the cribrum pores in the biosilica (see 
section 4.7.1). The presence of insoluble organic matrices with nodules corresponding to the 
openings of pores in the biosilica has also been reported for other diatoms, e.g. 
Coscinodiscus radiatus and Stephanopyxis turris 178. It was hypothesized that these nodules 
act as spacer for pore formation by preventing silica precipitation 178.  
 As previous studies on T. pseudonana found that the AFIM had intrinsic non-porous 
silica deposition activity 177, it was expected that the AFIM of C. cryptica showed a similar 
behavior. Surprisingly, it did not only precipitate non-porous silica but also formed porous 
silica pattern that resembled cribrum-like pores present in the valve and girdle band biosilica 
(Figure 15, 16, 24).   
 Since it has been shown that biosilica derived soluble organic components 
(e.g. silaffins, silacidins and LCPAs) exhibit silica formation activity 157–162,164, the AFSC of 
C. cryptica was isolated. The result from SDS-PAGE analysis suggest that the AFSC 
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comprises proteins and LCPAs (Figure 22). The detailed composition of the C. cryptica 
AFSC regarding the presence of silaffins, silacidins or other proteins was not examined in this 
study. In vitro assays revealed that the AFSC, as well as the isolated AFSC protein and LCPA 
fraction exhibit concentration-dependent silica deposition activity (Figure 37). Assemblies 
containing constant concentrations of LCPAs and increasing concentrations of AFSC proteins 
exhibited activating effects on silica deposition, as long as the molar ratio of AFSC proteins to 
LCPAs did not exceed 53:1. Such an activating effect has also been found for silaffin/LCPA 
and silacidin/LCPA mixtures in T. pseudonana 159,160. However, a further increase of AFSC 
protein concentration lead to a decrease of silica formation, an effect that was also reported 
for mixtures containing LCPAs and the regulatory silaffins tpSil1/2H, tpSil3 or cfSil2 159,172. 
Therefore, components of the C. cryptica AFSC protein fraction might also play a regulatory 
role during silica deposition, potentially by stabilizing uncondensed silicic acid or by masking 
the LCPAs and thereby hindering their silica precipitation activity. 
 SEM analysis of the results from remineralization experiments combining the biosilica 
derived soluble organic molecules with the microplates resulted not only in the detection of 
porous silica structures but also in the observation of biosilica-like hierarchical silica pore 
pattern, comprising areola-like and cribrum-like pores (Figure 23, 24). All the remineralized 
microplates examined with EDS displayed a weaker Si signal than the native biosilica valves 
(Figure 18, 26), indicating that the remineralization conditions in vitro were unable to match 
the silica deposition efficiency of the in vivo process. The amount of deposited silica might be 
increased by an increase of the incubation time. The observed Si signal in EDS measurements 
of remineralized microplates significantly exceeded the signal found in demineralized 
microplates (Figure 18, 26), giving evidence that the silica was indeed newly deposited. Thus, 
this is the first study reporting the in vitro generation of diatom biosilica-like silica pore 
patterns using all natural cell wall components. However, the occurrence of hierarchical pore 
pattern was not homogeneous. Quantification of microplates remineralized in the absence or 
presence of LCPAs revealed that the presence of LCPAs is highly beneficial for the detection 
of hierarchical pore pattern (Figure 36). 
 Based on the results of this thesis, the following mechanism for the observed 
hierarchical silica pore pattern is proposed (Figure 39): The structural features of the valve 
biosilica, comprising costae, cribrum, and areola pores are already encoded in the microplates 
and can be seen in EM and AFM due to differences in the electron density and differences in 
height, respectively (Figure 12, 17, 19). AFM measurements showed that the areole pores are 
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more elevated than the surrounding areas. Therefore, they might be more hydrated and/or 
comprise more organic material. This results in a higher electron density of areola pores 
compared to the surrounding material, for which they appear darker in TEM imaging    
(Figure 39, A). Upon remineralization in the absence of LCPAs, a thin layer of silica is 
formed. This layer equalizes differences in electron density and thereby masks areola pores 
from TEM imaging, explaining the low fraction of microplates with complete hierarchy 
remineralized in the absence of LCPA containing additives. The cribrum pores do not 
mineralize and stay electron transparent and are therefore always visible in TEM           
(Figure 39, B). The differences in diameter between cribrum pores after remineralization 
(17.5 ±3.2 nm) and cribrum pores found in the biosilica (31.1 ±4.3 nm, 4.7.1) might be due to 
the loss of size-regulatory molecules during the isolation process of the microplates, or the 
artificial experimental conditions, namely salt concentration or pH. Remineralization 
experiments in the presence of LCPAs might promote the deposition of silica on the areola 
pores. This would increase the electron density of the areola pores and simplify their detection 
during TEM, and ultimately result in more microplates with complete hierarchy             
(Figure 39,  C). This implies that LCPAs have preferred binding points on the microplates, 
which could be investigated using super-resolution microscopy with fluorescently labeled 
LCPAs, as it has been done for the AFSC proteins (Figure 31). Additionally, the LCPAs 
might accelerate the silica deposition on the AFIM. This is indicated by the in vitro silica 
activity assay, where LCPAs precipitates up to 3 times more silica than the isolated AFSC 
proteins (Figure 37). A similar behavior has been reported for T. pseudonana, where the 
synthetic long-chain polyamine polypropylenimine hexadecaamine dendrimer (DAB- Am-16) 
accelerated the silica deposition on microrings 177. LCPAs do not alter the topography of the 
microplates and are not capable of inducing hierarchical pore pattern, as was shown by AFM 
measurements of microplates before and after remineralization (Figure 29). However, the 
validity of this result is limited, as only a few microplates were analyzed before and after 
remineralization in the presence of AFIM due to the high time requirement for AFM 
measurements. Why did not all the objects that were remineralized in the presence of AFSC, 
LCPAs or reconstituted AFSC display complete hierarchy? Possible explanations could be 
that the microplates lost organic material constituting the areola pores during their extraction, 
a local lack of LCPAs during remineralization and/or that the pore-free, nodule displaying 
surface of the microplate was facing upwards after immobilization. And why did some of the 
microplates remineralized in the absence of LCPAs display hierarchical pore structures? 
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Treatment of AFIM with boiling SDS revealed that not all LCPAs and proteins get solubilized 
by ammonium fluoride treatment (Figure 38). The residual LCPAs could have acted in a 
similar fashion as the LCPA containing additives during the remineralization experiments, 
explaining why 34% of microplates showed complete hierarchy. Remineralization in the 
presence of AFSC protein reduced the number of microplates with complete hierarchy to 
12%. This may be another indication that protein components of the AFSC assume a 
regulatory function during silica deposition, possibly by masking non-extracted LCPA and 
thereby hindering their silica precipitation activity.  
 
 
Figure 39: Schematic model illustrating the generation of microplates displaying non-
hierarchical and hierarchical pore patterns. A: Electron microscopy of demineralized microplates 
allows the detection of structural features like costae, areola- and cribrum-like pores due to differences 
in their electron density. B: Upon remineralization with silicic acid a thin film of silica (grey) is 
deposited on the microplates, excluding the cribrum-like pores. The deposited silica levels the 
differences in electron density between costae and areola-like pores. Because the areola-like pores 
cannot be detected anymore, the microplates appear to have no hierarchical pore pattern. C: During 
remineralization in the presence of LCPA, some LCPA might bind predominantly to the areola-like 
pores (purple). Therefore, silica deposition is promoted on the areola-like pores compared to the costae 
areas. The higher binding of LCPA and the increased deposition of silica on the areola-like pores 
increases the difference in electron density between the areola-like pores (black) and the costae (grey) 
and allows the detection of hierarchical pore pattern.    
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 But to what extent is the here described microplate-mediated hierarchical pore 
formation relevant for the cell wall formation in the SDV? Based on the current data it is not 
possible to answer this question, as it is unknown whether the organic microplate is present 
inside the SDV during silica morphogenesis. Therefore, two possibilities have to be 
considered that have equal validity: In the first case, the AFIM is not present in the SDV, but 
possibly gets attached to the proximal surface of the biosilica after cell wall formation. 
Therefore, it might be identical to the diatotepum. In this case, the AFIM would not play a 
role in cell wall formation. The in vitro generation of hierarchical pore pattern would not be 
biologically relevant, but a coincident of the AFIM adopting a biosilica-like structure due to 
its cell wall attachment. Possible biological functions of the AFIM could then be to hold the 
different cell wall parts together, to regulate the porosity of the cell, to act as a barrier between 
the plasma membrane and the environment and/or to control the permeability to the external 
medium 154,178. For the second case, it is postulated that the microplates are present in the 
SDV and that they are involved in cell wall formation. Previous studies showed that the 
formation of the valve starts with an in x- and y-plane expanding SDV until a thin base layer 
corresponding to the outline of the valve is formed 101,146,150. The microplates used in this 
study can therefore only be seen as isolates from the end point of biosilica morphogenesis, as 
they cover the whole x- and y-plane of the valve. Identifying microplates from early SDV 
stages by using synchronized cell cultures has not been attempted in this study. For 
C. cryptica it has been reported that the valve formation in the SDV starts with the generation 
of costae, extending from a central region to the rim of the valve 146. According to the model 
proposed by Drum and Parkinson 179,181, such a costae formation can be achieved by DLA and 
is therefore independent of organic material (see section 1.5.4). However, the microplates of 
C. cryptica clearly show organic material building up costae-like stripes (Figure 12, 17, 19). 
The obvious conclusion would be that this contradicts the DLA model and instead indicates 
that the organic material is responsible for silica precipitation and thereby guides the costae 
formation. On the other hand, it cannot be ruled out that the DLA model is accurate and that 
the organic material found in the microplates is added to the costae after their formation, e.g. 
to stabilize them. Resolving this question requires the identification of proteins constituting 
the costae-like stripes in the microplates with mass spectrometry. Super-resolution 
microscopy colocalization studies of such fluorescently labeled proteins and silica staining 
dyes (e.g. PDMPO 191) would then show whether the organic material is present before or 
after the silica-costae formation. The presence of organic material before silica-costae 
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formation would be in accordance to the model of Scheffel et al., which proposed that 
insoluble organic matrices act as templates for the formation of nonporous silica pattern (see 
section 1.5.4) 177. Additionally, it was proposed that the insoluble organic matrices act as 
docking points for soluble biomolecules (silaffins, silacidins, LCPAs), which then template 
porous silica formation by the phase separation model and/or the silaffin matrix hypothesis 
(see section 1.5.4) 177. Using super-resolution microscopy (Figure 31), the binding of 
C. cryptica AFSC proteins to microplates and microrings could be confirmed and it seems 
highly likely that the LCPA bind to the AFIM as well. However, the soluble biomolecules did 
not generate the pore structures, as they were already present in the microplates of C. cryptica 
(Figure 17, 19), for which the AFIM might also act as the template for pore pattern formation 
during cell wall morphogenesis. This does not necessarily contradict the phase separation 
model and the silaffin matrix hypothesis, as it might be possible that previously soluble 
organic molecules became insoluble after porous silica formation due to covalent            
cross-linking. 
 The discussion above shows that it is not possible to assign a definite function to the 
AFIM of C. cryptica yet. To prove that the AFIM act as templates for the cell wall 
morphogenesis, it has to be proven that the AFIM is actually present in the SDV during 
biosilica morphogenesis. If that is the case, it would be necessary to identify proteins 
constituting the AFIM of C. cryptica by mass spectrometry. This could either be done by 
using extracted AFIM or by isolating the SDV. Establishment of an isolation protocol for the 
SDV would have the additional advantage that by isolating different developmental stages of 
the SDV a time-resolved proteome could be generated. The identified proteins could then be 
used to study the processes taking place in the SDV by fluorescently labeling them and 
imaging them over the lifetime of the SDV. Additionally, it is required to study the silica 
precipitation activity of the AFIM in other species, to elucidate whether a possible templating 
functions of the AFIM is conserved throughout diatom species. Possible diatom species for 
this study that possess AFIM with biosilica-like patterns have already been identified by 
Tesson and Hildebrand 178.  
 Independent of the biological role of AFIM, this thesis introduces an interesting 
experimental setup for silica-based in vitro studies on non-hierarchical and hierarchical pore 
formation in diatoms. The established experimental setup can be manipulated in numerous 
ways, e.g. by adjusting the silicic acid concentrations and/or source, the pH, the salt 
concentration, and/or the compositions of AFSC. Changing these conditions could result in 
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the generation of completely different silica structures, e.g. by re-establishing the tube-like 
fultoportulae. Additionally, it is appealing to remineralize the C. cryptica microplates in the 
presence of the AFSC of other diatom species, as it might result in the generation of 
completely new silica patterns. This would allow comparative analysis investigating which 
soluble organic molecules are required for which silica structure. Identifying the influence of 
the applied changes on the silica formation would immensely increase our knowledge on what 
experimental conditions or organic materials are required to generate certain silica structures 
and could possibly also give insight into cell wall morphogenesis in the SDV.  
 The results of the described manipulations are not only interesting for the process of 
diatom cell wall morphogenesis but are instead of general interest, as they might increase the 
understanding of how different experimental conditions influence silica formation in vitro. 
Therefore, those findings could also be applied in nanotechnology and material science by 
showing new ways on how to rapidly produce tailored non-hierarchical and hierarchical silica 
particles at ambient conditions and acidic pH. A possible application could be the generation 
of tailored silica nanostructures by utilizing highly controlled surface templates of AFSC 
molecules generated by lithography 192. The applications are thereby not restricted to silicic 
acid chemistry, but could also include other inorganic materials, e.g. Titanium bis-ammonium 
lactato dihydroxide, as a precursor for titania formation, germanic acid, and others 120,193–195.  
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